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ABSTRACT 
Automobile has been seen a rapid increase over the past years and has been becoming 

a necessary transport tool in the modern society. However, the increase of automobiles 

gives us a lot of problems including energy shortage. Therefore, with the development 

of technology, the energy saving has been taken into account in the design of 

automobile. In term of automobile air conditioning system, the low-energy consumption 

and high comfort has been required increasingly by consumers. This project aims to 

force the function of air conditioning systems to provide comfortable conditions for the 

passengers and reduce energy consumption, especially for the electric vehicles. 

Therefore, a concept of personal air conditioning system is proposed in this study to 

replace the traditional one. Using the representative car of Honda Company as the 

model, thermal properties of vehicle cabin are simulated by computational fluid 

dynamics software and experimental studies are carried out to validate the simulation 

results.  Based on that, this thesis is summarized as the following four parts. 

1. The heat flow properties in sealed cabin of automobile are simulated firstly and 

experimental studies are carried out to validate the simulation results. Using the car 

STEPWGN as a model, a simplified three-dimensional geometry with real dimensions 

is established to predict the heat flow distribution of cabin when car is parking in the 

summer sunshine. The natural convection and radiation heat transfer from environment 

to cabin are considered and the total heat transfer rate is calculated by software. 

Transient temperature and velocity distribution at the central and horizontal plane are 

also analyzed respectively. It is shown that simulation results have good agreement with 

experimental data. The cabin temperature increases by time and the highest value is 
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located at the front and both sides cabin after 15 minutes. The air is essentially stagnant 

with low velocity and the central compartment has much lower velocity than other 

regions of cabin. 

2. Based on the same methods of above, the cooling effect of traditional air conditioning 

of automobile is studied by numerical simulation and experimental validation. The 

experimental study has been taken place in a stable environment. The variation of 

temperature during 15 minutes is tested at different location of cabin and the energy 

consumption is measured, which makes a comparison with the numerical study. Using 

the representative car -N box as the model, the numerical study analyzes the air flow 

and heat transfer characteristics of inner cabin, especially at the place of wind outlet and 

inlet during cooling period. The results are in good agreement with experimental data. 

However, under save energy model the traditional air conditioning system cannot make 

all the passengers feel comfortable. The rear row of cabin still has higher temperature 

than front row since it is difficult to carry out thermal exchange due to the complex 

structure of inner cabin. 

3. A personal air conditioning system is proposed to instead of the traditional one. This 

new system is installed inside of each chair of vehicle cabin to provide thermal comfort 

for each passenger. Experiment validated that this system can make passengers feel 

comfortable after 4 minutes and all the apparatuses can just only consume electric 

power 338.8 W, which is less than the consumption of traditional air conditioning. 

However, this system cannot make all the body feel comfortable. The numerical results 

have good agreement with experiment research. Except the area of chairs, the 

temperature of cabin has almost no change during 15 minutes. It indicates that this 
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personal air conditioning system cannot provide enough cooling wind to cut down the 

heat from ambient. 

4. In order to resolve the problem that personal air conditioning system just can be local 

action, a new modified personal air conditioning system is proposed by adding more 

four wind outlets in the front of cabin, which have bigger size and provide much more 

wind for all passengers. Based on the simulation calculation, the air flow and heat 

transfer characteristics of cabin are analyzed during 15 minutes. The results show that 

front wind outlets can work well to bring much cooling and put in motion the heat 

exchange among the cabin under the assist of wind outlets in chairs. The temperature of 

cabin can be dropped by about 5 ℃, which is consistent with the expectation of before. 

Therefore, it demonstrates that this new modified personal air conditioning system can 

be used well in the future automobile.  

  



 



 

Contents 
Chapter 1  

Introduction .............................................................................................................................................. 1 

1.1 Research background ............................................................................................................................. 2 

1.1.1 Thermal environment in the cabin ........................................................................................... 2 

1.1.2 Traditional automobile air conditioning ................................................................................ 5 

1.1.3 New personal air conditioning system .................................................................................... 8 

1.1.4 Current research condition ........................................................................................................ 11 

1.2 Research purpose and method ......................................................................................................... 13 

1.2.1 Research purpose........................................................................................................................... 13 

1.2.2 Research method ............................................................................................................................ 13 

1.3 Organization of this thesis .................................................................................................................. 16 

References ......................................................................................................................................................... 18 

Chapter 2  

Analysis of Heat Flow in Sealed Vehicle Cabin ........................................................................... 21 

2.1 Chapter Introduction ............................................................................................................................ 21 

2.2 Solar intensity calculation ................................................................................................................... 24 

2.3 Experimental investigation ................................................................................................................ 28 

2.4 Numerical simulation ........................................................................................................................... 30 

2.4.1 Governing equations and basis of algorithm ...................................................................... 30 

2.4.2 Model Geometry ............................................................................................................................. 34 

2.4.3 Boundary conditions and problem setup ............................................................................. 36 

2.5.1 Validation of the results .............................................................................................................. 39 



 

2.5.2 Heat flow characteristics of the central plane of vehicle cabin ................................... 43 

2.5.3 Heat flow characteristics of the horizontal plane of vehicle cabin ............................ 43 

2.5.4 Heat flow characteristics of whole model ............................................................................ 46 

2.5.5 Heat flow rate calculation ........................................................................................................... 50 

2.6 Conclusion ................................................................................................................................................. 51 

References ......................................................................................................................................................... 52 

Chapter 3  

Analysis of Heat flow in Vehicle Cabin with Traditional Air Conditioning System....... 55 

3.1 Chapter introduction ............................................................................................................................. 55 

3.2 Experimental investigation ................................................................................................................ 57 

3.3 Numerical simulation ........................................................................................................................... 60 

3.3.1 Model geometry .............................................................................................................................. 60 

3.3.2 Boundary conditions and problem setup ............................................................................. 61 

3.4 Results and discussion ......................................................................................................................... 66 

3.4.1 Validation of the results .............................................................................................................. 66 

3.4.2 Heat flow characteristics of whole cabin ............................................................................. 73 

3.4.3 Heat flow calculation .................................................................................................................... 82 

3.4.4 Energy consumption calculation ............................................................................................. 85 

3.5 Conclusion ................................................................................................................................................. 86 

References ......................................................................................................................................................... 87 

Chapter 4  

Analysis of Heat Flow in Vehicle Cabin with Personal Air Conditioning System ........... 89 

4.1 Chapter introduction ............................................................................................................................. 89 

4.2 Evaluation of thermal comfort .......................................................................................................... 91 



 

4.3 Experimental investigation ................................................................................................................ 96 

4.3.1 Peltier module seat ........................................................................................................................ 96 

4.3.2 Specification of instrument ........................................................................................................ 99 

4.3.3 Experimental method ................................................................................................................ 102 

4.4 Numerical simulation ........................................................................................................................ 104 

4.4.1 Model Geometry .......................................................................................................................... 104 

4.4.2 Boundary conditions and problem setup .......................................................................... 106 

4.5.1 Validation of the results ........................................................................................................... 108 

4.5.2 Heat flow characteristics of chair ......................................................................................... 114 

4.5.3 Turbulence characteristics of chair ..................................................................................... 116 

4.5.4 Heat flow calculation ................................................................................................................. 120 

4.5.5 Energy consumption calculation .......................................................................................... 122 

4.5.6 Evaluation of thermal comfort .............................................................................................. 122 

4.6 Conclusion .............................................................................................................................................. 124 

References ...................................................................................................................................................... 125 

Chapter 5  

Proposal of Modified Personal Air Conditioning System ..................................................... 127 

5.1 Chapter introduction .......................................................................................................................... 127 

5.2 Numerical simulation ........................................................................................................................ 129 

5.2.1 Model geometry ........................................................................................................................... 129 

5.2.2 Boundary conditions and problem setup .......................................................................... 130 

5.3.1 Heat flow characteristics of whole cabin .......................................................................... 133 

5.3.2 Heat flow calculation ................................................................................................................. 139 

5.4 Conclusion .............................................................................................................................................. 143 



 

References ...................................................................................................................................................... 144 

Chapter 6  

Conclusions and Further Work ..................................................................................................... 145 

6.1 Conclusions ............................................................................................................................................ 145 

6.2 Further Work ........................................................................................................................................ 148 

6.2.1 Cooling load calculation of cabin .......................................................................................... 148 

6.2.2 Experimental validation ........................................................................................................... 149 

6.2.3 Engine exhaust heat recovery ................................................................................................ 149 

References ...................................................................................................................................................... 151 

Acknowledge ........................................................................................................................................ 153 

List of publication ............................................................................................................................... 154 

 

 



Analysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

 

1  
 

 

Chapter 1   
Introduction 

Automobile has been seen a rapid increase of over the past years and has become a 

necessary transport tool in the modern society. However, the increase of automobiles 

gives us a lot of problems including the environment pollution and energy shortage. 

Nowadays the energy shortage is really serious problem and it tends to more serious. 

Therefore, with the rapid development of the technology, the energy saving has been 

taken into the account in the design of an automobile to resolve the energy shortage 

problem. In term of automobile air conditioning system, the low-energy consumption 

and high thermal comfort have been required increasingly by consumers.  
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In order to enhance the performance of automobile to satisfy customers and improve 

the thermal comfort for passengers, there is plenty of necessary information that should 

be mastered as the basic data. For example, thermal resource of vehicle cabin, heat flow 

properties and temperature distribution of cabin, work performance of automobile air 

conditioning system and energy consumption and so on. All these analyses can help to 

design the high-efficiency air conditioning system to apply in the future vehicle, 

especially for the electric vehicle. 

1.1 Research background 

1.1.1 Thermal environment in the cabin 

The main reason of thermal environment in the cabin is the effect by a variety of 

external disturbance and internal interference. Outside interference includes outdoor 

climate parameters, such as outdoor air temperature and humidity, solar radiation, wind 

speed, wind direction changes, which can be accessed through the shell to directly affect 

the indoor environment including passengers, lighting, equipment, etc. Therefore, in 

order to get a good indoor environment to meet passenger’s request, we must 

understand the car outside the main elements of climate variation and its characteristics. 

The car has rapid response to the external environment changing as the small thermal 

inertia. Also, solar radiation is the primary source of heat on the ground and the main 

factors to determine the climate. Thus, the car air-conditioning load is the most direct 

affected by solar radiation. The solar radiation intensity can be calculated by the 

equation [1]:  
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Ix = I0 exp (-kx) 

(1.1) 

Where 

Ix, solar intensity at the distance of x from the atmosphere boundary; 

I0, solar constant, I0 = 1353W/m2;  

k, a constant of proportionality, m-1; 

x, the distance from the test location to the atmosphere boundary. 

The calculation process of solar radiation intensity is shown in Fig.1-1. From this 

picture, we can see that the greater k the greater the attenuation of radiation intensity, so 

the value a can be expressed by: 

a = kL 

 (1.2) 

Where  

a, atmospheric specific extinction; 

L, the distance when the sun on the top (solar radiation perpendicular to the ground) 

k, atmospheric specific extinction per unit thickness. 

When the sun is located not on the top but the angle β, the distance of solar reach at 

the ground can be expressed as L/sinβ. The solar radiation intensity can be calculated by 

the equation:  

In = I0 exp (-a/sinβ) 

 (1.3) 
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Where 

In, the distances of solar reach at the ground; 

β, position angle of sun. 

Therefore, according to this equation, the solar intensity can be calculated at any time 

during a day. 

 

 

Fig.1-1 Direct solar radiation intensity 

 

Solar radiation getting into the cabin is an unsteady state heat transfer process; the 

temperature of outdoor is one important factor that cannot be ignored as it is also 

changing with the time. This hourly temperature is roughly cyclical changes by solar 

radiation. Thus its specific value has certain randomness, but from the overall trend, the 

temperature changes by cyclical. Considering from the design perspective of the thermal 

load, the temperature changes is also assumed to change according to a cyclical 

continuous rule. When calculating the air-conditioning, especially the heat transfer in 

the non-transparent car shell, the exterior surface of the shell suffers thermal effect by 
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both solar radiation and the air temperature of outside. Therefore, a synthesis 

temperature should be considered from both of them. The relationship between outdoor 

integrated temperature and solar radiation change with a 24-hour cycle is shown in 

Fig.1-2. Therefore, gain heat also changes according to this rule [2]. 

 

 

Fig.1-2 Circle change of outside temperature 

 

1.1.2 Traditional automobile air conditioning 

Human’s tolerance limits to high temperature may be related to his temperature sense, 

his ability to lose heat by regulatory sweating, and his ability to move heat from his 

body. There are many interrelating processes involved in heat stress. Pain receptors in 

man’s skin are triggered at a skin surface temperature of 46 ℃. Although direct contact 

with a metal surface at this temperature is painful and much higher dry air temperatures 

can be tolerated since the thermal insulation of the air layer around the skin is high. 

Tolerance times of almost 50 min have been reported at a dry bulb temperature of 82 ℃. 
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In each case, the dew points were lower than 30 ℃. Many individuals are simulated by 

exposure to the 82 ℃. Therefore, in high temperature experiment like vehicle cabin, the 

air conditioning is important to make passengers comfortable. The automobile air 

conditioning system is a kind of device for refrigeration, heating, ventilation and air 

purification in the cabin, which is able to provide a comfortable environment for the 

passengers in any weather and driving conditions. A complete automotive air 

conditioning system depends on regulating the temperature, humidity, wind speed and 

ventilation, etc. to create a comfortable environment. The interior temperature is an 

important indicator of thermal comfort, which is decided by outside temperature, air 

flow, and solar radiation intensity. When the outside temperature is over 20 ℃, the car 

can only rely on air conditioning and refrigeration to achieve cooling purposes [3].  

Traditional automobile air conditioning system is composed by the compressor, 

condenser, evaporator, expansion valve, receiver drier, hoses, fans, vacuum 

electromagnetic valve and so on, which can be seen in the Fig.1-3. Most of car have no 

independent motor for air conditioning system but depends on the car engine to provide 

motive power for the compressor. Therefore, the refrigeration performance is greatly 

influenced by the engine work with poor stability. Generally, the low-grade cars are 

using the traditional manual air conditioning which has a temperature control knob on 

the air conditioning control panel. Actually, this knob controls a variable resistance 

device which composes a series circuit with the resistor of temperature sensor in the 

evaporator. When the inside temperature changes, the resistance of this group circuit 

also changes by time, which controls the electromagnetic clutch of compressor 

depending on manual adjustment through knob. This kind of adjustment method is 

relatively simple, but the temperature control is not accurate enough. Modern high-
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grade cars are more and more using the automatic climate control system

automatically adjust the temperature of outlet 

only pre-set temperature, which can control precision 

simple operation [4]. 

 

  

Fig. 1-3 Structure
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more and more using the automatic climate control system

the temperature of outlet according to the thermal flow of 

, which can control precision of temperature

   

 

 

Structure of automobile air conditioning system
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more and more using the automatic climate control system that is able to 

thermal flow of inside if 

of temperature just only by a 

of automobile air conditioning system 
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Besides conduction and radiation heat, the engine, chassis, motors and other 

mechanical parts have emitted heat by conduction into the vehicle cabin. Therefore, the 

effect of automotive air conditioning has closely related to the heat insulation 

performance of body and window glass. In order to reduce the thermal load of air 

conditioning, it should pay more attention to the tightness and heat insulation property 

of vehicle cabin. Car air conditioning systems generally do not need special 

maintenance, but due to the impact of the external environment, the air purification 

equipment and air conditioning evaporator require regular cleaning to maintain good 

regulation of air quality [5]. 

Up to now, most of automobile are still using the traditional air conditioning system, 

which is easy to induce temperature gradient between the front row and back row. 

Another new climate-control system is reported to use in the vehicle cabin to control the 

inner temperature, which is the most complex and thoughtful air conditioning system at 

present in the word. This kind of system is able to adjust the cabin temperature 

according to the outside and even it can divide the cabin into several parts and work for 

each part individually.  

1.1.3 New personal air conditioning system 

In recent years, a few companies have come out with a personal portable air 

conditioning that is light weight, battery-operated, and promises to cool down wherever 

people are.  By means of this idea, a personal air conditioning system applied to 

automobile is proposal in this study. This system is designed by using the peltier module 
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appearance of peltier module is given in the Fig.1
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technology of generating a negative resistance

effect of material to create a heat flux between the 

materials with consumption of electrical energy depending on the 

current, which is similar with the heat pump that transfers heat from one side of the 
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and falling cooler air (the blue

device has flexible shape with 
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personal air conditioning system in the automobile to save energy.
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which has become increasingly popular in the cooling research field. 

appearance of peltier module is given in the Fig.1-4. 

Fig.1-4 Appearance of peltier module 

 

Peltier is also called as semiconductor refrigeration tablets which is a

technology of generating a negative resistance. Peltier module just utilize

effect of material to create a heat flux between the junctions of two different

materials with consumption of electrical energy depending on the 

current, which is similar with the heat pump that transfers heat from one side of the 

he Fig.1-5 has described the rising warmer air (the oran

blue part) on the surface of heat sink of a peltier model. This 

device has flexible shape with small size and does not need the refriger

and some other traditional high-energy consumption device so that it can be used as the 

personal air conditioning system in the automobile to save energy.

cooling capacity of this device is controllable via changing the input current and the 

nalysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

which has become increasingly popular in the cooling research field. The structure 

 

which is a refrigeration 

utilizes the peltier 

different types of 
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long life with mean time between failure exceeding one 

However, there are plenty of restrictions

efficiency. Currently, the peltier device can typically produce a maximum temp

difference of 70 ℃ between its hot and cold sides. The more heat to be required, the less 

efficient it becomes since it needs to dissipate both the heat being moved and the heat it 

generates itself from its own power consumption. 

application of low heat flux without high efficiency [7]. 
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temperature control to within fractions of a degree can be maintained. In addition, it has 

long life with mean time between failure exceeding one million hours [6].

are plenty of restrictions of using a peltier device in terms of 

, the peltier device can typically produce a maximum temp

between its hot and cold sides. The more heat to be required, the less 

efficient it becomes since it needs to dissipate both the heat being moved and the heat it 

generates itself from its own power consumption. Therefore, it has been relegated to 

application of low heat flux without high efficiency [7].  

       

 

-5 Working schematic plot of peltier unit 
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1.1.4 Current research condition 

The performance of air conditioning system plays an important role to decide the 

comfortable level of an automobile and it has been paid extensive attention by a lot of 

researchers. For so many years, plenty of researches and experiments on the passengers' 

thermal comfort have been done in many automobile companies including Nissan, 

Honda and some other units of car. A brief review is given as the follows. Yamamoto 

and Hill [8] simulated the flow field in a truck by using a simplified mesh to obtain the 

air flow distribution. Wan and Kooi [9] used software to simulate the flow and 

temperature field in a car. They gained the optimal case for the air supply. Lin [10] 

studied how the parameters affect the amenity, such as the wind volume rate and 

locations of air inlets. Kihler [11] used the zone calculation method to investigate the 

temperature field and the corresponding heat flux change with time and simulate the 

sunshine radiation into the cabin. Ishihara and Hara [12] measured the air flow velocity 

distribution by visualization and compared to their numerical simulation results. 

Another analysis by them was the full scale model of a passenger compartment by using 

a laser light sheet method. Hagino and Hara [13] investigated the factors affecting the 

thermal comfort of cabin, like air temperature, air flow, and sunlight radiation and 

proposed a method to forecast passengers' thermal feeling. Currle [14] simulated the 

temperature field by STAR-CD and considered the passengers' thermal model to discuss 

the thermal comfort of cabin. Brown and Jones [15] create a thermal comfort model for 

the Ford Company, which considered the variation of temperature and velocity with 

time as well as the physiological status of passengers. Ambs made a simulation of the 

vehicle compartment climatic conditions to improve thermal comfort while reducing 
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vehicle development time and cost [16]. Gokhan and Muhsin added a virtual manikin 

model to make a three-dimensional transient numerical analysis to determine the air 

flow and heat transfer characteristics inside the vehicle cabin during a heating period 

[17]. Huajun Zhang built a numerical model to investigate the air flow and temperature 

fields inside a passenger compartment for improving thermal comfort and saving energy 

at the same time [18].  

The researches mentioned above are mostly about the effects on passengers’ thermal 

comfort from air flow field, the temperature filed, heat transfer from outside to inside 

and radiation, etc. Study on the performance improvement of automobile air 

conditioning system is quite limited and it has suffered little attention by the researchers. 

Therefore, the manufacture technology of automobile air conditioning system has little 

change in recent years. Actually, this field occupies more and more important position 

in the research of future automobile technology. The problems related to this grow more 

urgent, especially in the energy shortage countries. 
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1.2 Research purpose and method 

1.2.1 Research purpose 

This project aims to force the function of air conditioning systems to provide 

comfortable conditions for the passengers and reduce the energy consumption, 

especially for the electric vehicles. This kind of vehicle has limited electric power when 

driving on the road so that the air conditioning system should consume power as little as 

possible.  Actually, the traditional air condition system consumes plenty of electric 

power. When cooling system turns on, the drive distance could be shortened by one 

third and this number could be a half when the heating system turns on. In order to solve 

this problem, the concept of personal air conditioning system is proposed in this study 

instead of the traditional one. This air conditioning system provides comfortable 

environment for each passenger individually by installed under each chair of vehicle 

cabin. By doing this, the energy wasting to cool the space of no person of cabin would 

be reduced dramatically. In addition, the appliance of this system is produced by Peltier 

module and fan motor that can only consume lower electric power to drive so that the 

saved energy can be used to provide vehicle to drive longer.  

1.2.2 Research method 

In this study, using the representative car of Honda Company as the model, a 

simplified three-dimensional geometry model with real dimensions and shape is 
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established to analyze the thermal transfer process by the computational fluid dynamics 

(CFD) software. The analysis of thermal transfer process is essential to deal with the 

thermal performance of cabin and provide comfortable conditions with high quality air 

for the passengers [19]. The first step has simulated the effect of solar to the cabin and a 

simple car model is used without any in-car facility and the computational domain only 

consists of the inner space of the cabin. Then, the chair and the air conditioning system 

have been considered in the model to calculate the temperature distribution and wind 

velocity in different directions, which is based on overall cabin and the air conditioning 

is operated. The third step has analyzed the thermal characteristics of cabin using the 

personal air conditioning system to replace the traditional one. To validate the 

simulation, the experimental studies with the same conditions are carried out to make a 

comparison. Finally, an optimized personal air conditioning system is proposed to 

resolve the shortage of previous one.  

The numerical simulation process is shown as follows: First, a 3-D model of vehicle 

cabin is established by AutoCAD software and exported to CFD to generate mesh for 

numerical analysis, which is very curial to obtain the accurate predicted results. Then, 

the boundary conditions are set according to the thermal transfer properties and 

environment situation. Finally, the calculation is carried out by software and the analysis 

results are obtained [20]. Because of the complicated of the calculation and analysis we 

simplified the heat transfer process and presumed as follow: All the parts of the cabin 

are the same temperature at the beginning; just consider the solar radiation at the 

exterior shell of the car; ignore the radiation of interior wall surface in the cabin as their 

low temperature [21]. All the analysis is focus on the thermal flux and the simulation 

site was set at Tokyo Shinjuku, Japan, which can be seen in the Fig.1-6.  
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Fig.1-6. Parking location of car 
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1.3 Organization of this thesis 

This thesis is organized as follows: 

Chapter 1 presents the background of this research including thermal environment of 

the vehicle cabin, traditional automobile air conditioning system and the application of 

new personal air conditioning system. Moreover, the current research condition about 

the automobile thermal comfort and energy saving are introduced briefly from the year 

1990 to 2010. In addition, the research purpose and method are given in this chapter.  

Chapter 2 analyzes the heat flow distribution in the sealed cabin of automobile. Using 

the representative car of Honda Company-STEPWGN as a model, a simplified three-

dimensional geometry with real dimensions is established to predict the heat flow 

properties of cabin when car is parking in the summer sunshine by CFD analysis 

software. The nature convection and radiation heat transfer from environment to cabin 

are considered and the distribution of transient temperature and velocity at the central 

and horizontal plane are analyzed respectively. The comparisons between predicted and 

tested temperature at pointed position of cabin is also presented and the total solar heat 

transfer is calculated by the software during 15 minutes. 

The cooling effect of the traditional air conditioning of automobile is studied by 

numerical calculation and experimental validation in chapter 3.  The experimental study 

has been taken place in a stable environment condition. The variation of temperature 

during 15 minutes is tested at different location of cabin and the energy consumption is 

also recorded, which makes a comparison with the numerical study. Using the 

representative car of Honda Company-N box as the model, the numerical study analyzes 
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the air flow and heat transfer characteristics of the inner cabin, especially at the place of 

wind outlet and inlet during the cooling period.  

Chapter 4 proposes a new personal air conditioning system to instead of the 

traditional one. This new system is installed inside of each chair of vehicle cabin to 

provide thermal comfort for each passenger, which can help to resolve the energy 

consumption problem, especially for the electric vehicle. Numerical calculation and 

experimental validation are carried out in this chapter. Thermal transfer properties of 

vehicle cabin under using this system are predicted and the total heat transfer during 15 

minutes is calculated by software. Thermal comfort and temperature experiment are 

validated to have good agreement with simulation results. In addition, the electrical 

consumption is tested to prove this system to be lower energy consumption.  

In order to resolve the problem that personal air conditioning system just can be local 

action, a new modified personal air conditioning system is proposed in chapter 5. This 

modified system adds more four wind outlets in the front of cabin, which have bigger 

size and provide much more wind for all the passengers. Based on the simplified 3-D 

vehicle model, a numerical study has analyzed the air flow and heat transfer 

characteristics of cabin under the cooling action during 15 minutes. The energy 

consumption is estimated to compare with the traditional air conditioning system. 

Chapter 6 concludes this thesis and sets the work in the future.  
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Chapter 2   
Analysis of Heat Flow in Sealed 
Vehicle Cabin 

2.1 Chapter Introduction 

Recently, the parking car under solar radiation has been suffered a wide range of 

attention by plenty of researchers. There was reported that a baby alone locked in the 

car by parents had nearly died of heat stroke and exhaust due to the high temperature of 

cabin. It is well known that the temperature of sealed cabin tends to become 
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increasingly high along with time, which could conduct the terrible comfortableness 

when passengers enter into the car after long time parking [1]. Especially in the summer, 

the temperature of cabin can increase rapidly over 50 ℃ , which could result in 

intelligent system device disable (IPAD and IPHONE, etc.) if these items are put inside 

the cabin. More serious is that the spontaneous combustion could be happened in the car 

because of the high temperature.  

The reason why cabin under sunshine is a so dangerous place can be expressed by the 

heat flux attributing to the solar radiation [2]. Therefore, in order to improve the 

performance of vehicle air conditioning system, the thermal distribution of inside of 

cabin should be analyzed as the first step. In this chapter, the thermal characteristic of a 

sealed cabin is studied by numerical simulation and experimental validation. The 

numerical simulation has used the representative car of Honda Company—STEPWGN 

as model which is shown in the Fig.2-1 [3] and a simplified three-dimensional geometry 

with real dimensions has been established to analyze the heat flow distribution in a 

sealed cabin of car [4]. The heat flow distribution of cabin is predicted when car is 

parking in the summer sunshine by using the CFD analysis software. The natural 

convection and radiation heat transfer from environment to cabin are considered and the 

distribution of transient temperature and velocity at the central and horizontal plane are 

analyzed respectively. The experimental study has been carried out in a stable 

environment condition which is the same as the boundary conditions of simulation to 

validate the numerical calculation.  
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Fig. 2-1 Representative car of Honda Company—STEPWGN 
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2.2 Solar intensity calculation 

The sunshine from environment can conduct energy which is separated into three 

parts: heat radiation, heat convection and heat conduct. Under the steady state 

conditions the energy equation from sun to the cabin based on the first law of 

thermodynamics is expressed as below [5]: 

Q = ����� + ���� + ����� 

(2.1) 

Where 

Q, total heat from sun;  

�����, the part of heat through convection; 

����, the part of heat through radiation;   

�����, the part of heat through conduction. 

However, the main energy access to cabin includes the heat radiation and heat 

convection. The heat conduction can be ignored. Accordingly, the calculation can be 

summarized in two parts: the radiation and the convection. The heat equation can be 

represented by the following equation [6]: 

Q = ����� + ���� 

(2.2) 

Radiation is one of the basic mechanisms by which energy is transferred between 

regions of different temperature. It is distinguished from conduction and convection by 

the fact that it does not depend upon the presence of an intermediate material to act as a 
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carrier of energy. The radiation process can be explained as the consequence of energy-

carrying electromagnetic waves. These waves are emitted by atoms and molecules as 

the result of various changes in their energy content. The amount and characteristics of 

the radiant energy emitted by a quantity of material depend upon the nature of the 

materials. Although the rate of emission of energy is not dependent of the surroundings, 

the energy transfer rate depends upon the temperatures and spatial relationships among 

the various materials involved. So how to calculate the radiation heat is the most 

important. The Fig.2-1 shows the thermal behavior of solar radiation through the glass 

of the car windows. The solar radiation is separated into radiation, glass absorption and 

penetration, which is defined constant thermal property. In order to calculate each value, 

we must check the solar thermal property and analyze the ratio of the each part in the 

entire solar outside. The thermal property of normal glass into the cabin can be 

discussed by this equation [7]:  

Qs = Qr + Qa + Qp 

(2.3) 

Where 

Qs, the part of heat from solar radiation;  

Qr, the part of heat through glass reflection;  

Qa, the part of heat through glass absorption;  

Qp, the part of heat through glass penetration. 

  In this equation, Qr can be expressed as ρQs; Qa can be expressed as αQs and Qp can be 

expressed as τQs. According to the general relationship of thermal radiation:  
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ρ + α + τ = 1 

(2.4) 

Therefore, the solar radiation also can be expressed by: 

Qs = ρQs + αQa + τQp 

(2.5) 

Where 

ρ, reflection rate; 

α, absorption rate; 

τ, penetration rate. 

About the reflection ratio, we can put the sheet on the exterior of the glass and 

measure the reflection thermal from the glass.  

 

 

Fig.2-2 Three approaches of sunshine through the glass 
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Fig.2-2 just shows the phenomena of radiation. Thus the situation is getting more 

complicated about the radiation and convective heat. We are supposed to take only 

radiation of each glass surface including the outside and inside into account in the first 

step. The calculation of thermal flow on the surface is just accorded to the natural 

property. In this study, all the radiation energy calculation can be done by the software 

which uses the governing equations to deal with the heat transfer through the boundary 

setting [8]. 
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2.3 Experimental investigation 

This experiment was carried out in the natural convection conditions. Ambient 

environment was quiescent without any winds. The relative humidity was determined at 

60% and the ambient temperature stayed at 30 ℃. In order to avoid the direct sunlight 

causing too much high temperature, the test car was parking in the shade of trees. 

Before starting the experiment, the engine of car was flameout to be cooling and all the 

doors were opened to make the in-car air flow to maintain almost same as that of 

outside environment. After one hour’s ventilation, the temperature of vehicle cabin can 

be considered the same as the ambient temperature and the car dashboard showed that 

the temperature was 30.1 ℃.  

The experiment measuring time was set for 15 minutes in 5-minute intervals, which 

can be obtained three sets of data for one test.  In order to eliminate accidental errors, 

the multiple measurements were performed and three sets of test were carried out due to 

time constraints. The infrared temperature probe was used in this experiment and the 

five measuring points were picked up to monitor the temperature variation of cabin. 

Four points were fixed at the position of face when passengers sitting in the car 

including the front row and rear row. The part of face is very important place to feel if 

the environment is comfortable or not. Another measuring point is close to the 

windshield which can help to study the affection of glass to cabin temperature. All the 

measuring points are given in the Fig.2-3. 
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Fig.2-3 Measuring points of temperature in the vehicle cabin 
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2.4 Numerical simulation 

A three-dimensional (3-D) CFD model of a vehicle cabin with real dimensions shape 

is used to determine heat transfer of solar radiation from environment. The analysis is 

fully transient and the computed flow and temperature distributions in the vehicle cabin 

included the interactions from turbulent flow, thermal buoyancy, and the three modes of 

heat transfer, i.e., radiation. Computed local heat transfer characteristics of the solar 

radiation and the flow and temperature fields at the different planes are discussed in this 

study.  

2.4.1 Governing equations and basis of algorithm  

In the numerical simulation, this software is based on the technique using a control 

volume theory to convert the governing equations to algebraic equations which can be 

solved numerically. The control volume technique works through integration of the 

governing equations about each control volume and generates discretization of the 

equations which keep each quantity based on control volume [9]. 

The algorithm for the numerical simulation can be carried out by the calculation 

equation which is based on the governing equations including the energy conservation 

equation, momentum conservation equation and mass conservation equation [10]. The 

energy conservation equation is written as follow:  
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∂(ρE)
∂t

+ ∇ ∙ �v��(ρE + p)� = ∇ ∙ �k���∇T − �� h�
�

J���� + τ�eff ∙ v���� + S�     

(2.6) 

Where 

h, enthalpy; 

p, static pressure; 

ρ, density; 

v, velocity; 

k���, effective conductivity (k + k�); 

J�, the diffusion flux of species j;  

k�, turbulent thermal conductivity; 

τ�, stress tensor; 

S�, defined volumetric heat sources. 

In the equation, the first term on the left hand side represents unsteady energy and the 

second term represents the part of energy by conduction; the first three terms on the 

right hand side show the energy of conduction, species diffusion and viscous dissipation, 

respectively. The E and  τ� can be expressed as: 

E = h − �
�

+ ��

�
 

(2.7)  
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τ� = μ �(∇ v�� + ∇v��T) −
2
3

∇v��I� 

(2.8) 

Where 

μ, molecular viscosity; 

I, unit tensor. 

The second term on the right hand side of the equation (2.8) is the effect of volume 

dilation. Therefore, the momentum conservation equation is given as follow: 

∂
∂t

(ρv��) + ∇ ∙ (ρv��v��) = −∇p + ∇ ∙ (τ�) + ρg�� + F�� 

 (2.9) 

Where 

F��, gravitational body force and contains other model-dependent source terms; 

ρg��, external body forces. 

Therefore, the mass conservation equation can be expressed as follow: 

∂ρ
∂t

+ ∇ ∙ (ρv��) = S� 

 (2.10) 

Where 

Sm, the mass added to the continuous phase from the dispersed second phase and any 

user-defined sources. 

This equation is the general form which is valid for incompressible and compressible 

flows. The realizable k-ε (2εqn) model is chosen for the turbulent modeling in this 
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calculation. This model is different from the standard model which may result in the 

minus normal stress. According with the physical laws of turbulence, the normal stress 

should be restrained by some mathematical ways and the realizable turbulent model is 

just derived from this theory. The turbulence energy equation can be expressed as 

follow [11]: 

�(��)
��

+
�(����)

���
=

�
���

��� +
��

��
�

��
���

� + �� + �� − �� − �� 

(2.11) 

�� = ���
��

�
 

(2.12) 

�� =
1

�� + ���∙�/�
 

(2.13) 

�� = √6cos ∅   
(2.14) 

Where 

Gk, the turbulence energy caused by the average of velocity gradient; 

Gb, the turbulence energy caused by the buoyancy; 

YM, the effect of total dissipation rating from the compressible turbulence expansion 

A0, empirical constant, in this equation, A0 = 4; 

σ�, Prandtl number of turbulence energy. 
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2.4.2 Model Geometry 

The geometry model of the vehicle was created by the AutoCAD software with real 

dimensions and shape. The CAD model of the vehicle cabin is given in the Fig.2-4. 

However, this model was simplified and the computational domain only consists of the 

inner space of the cabin without the chairs and other in-car facilities, for example, the 

steering wheel. And then the model was exported to CFD software to generate mesh for 

numerical analysis, which is very curial to obtain the accurate predicted results. In the 

process, the hybrid structure grid including the tetrahedral and triangular elements was 

used in this mesh generation. The computational domain consists of 10199830 elements. 

The mesh of numerical calculation zone is shown in the Fig.2-5.   
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Fig.2-4 CAD model of vehicle cabin 

 

 

Fig.2-5 Surface mesh of numerical calculation zone 
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2.4.3 Boundary conditions and problem setup 

The boundary condition also is an important factor to obtain the accurate results. In 

this numerical calculation, the surface boundaries were considered as solid walls 

including the roof, the bottom, the door and the windows, which were set as the 

stationary wall and semi-transparent. The outside thermal condition of the wall can be 

defined as a combination of convection and radiation from solar energy. The inner 

thermal flow can be considered as only natural convection from car shell.  

On the one hand, the heat flux from environment caused the inner air temperature 

high and the major heat is generated by two major modes of heat transfer including the 

solar radiation and natural convection [10]. The solar radiation can be calculated by the 

solar ray tracing model of simulation software. The simulation starting date and time 

was set at the noon of the 21st in the June of 2012. According to the angle of sun in the 

sky, radiation heated level to the cabin can be gotten automatically. The direct and 

diffuse solar irradiations were presumed as constant value respectively. And the inner 

radiation of car shell was ignored. The heat of ambience transfers to car shell from air 

through natural convection and the environmental free stream temperature was set at 

30 ℃ the same as experimental data. At the beginning of simulation, the boundary layer 

temperature of wall was equal to the environmental temperature at the outside edge of 

part close to the air flow. The thickness and heat generation rate of car shell was also 

considered in the calculation, which was important to predict the temperature variation 

of inner cabin. 

On the other hand, the air flow of cabin moved as an internal circulation type 

depending on the thermal buoyancy, which was seen as natural convection. Therefore, 



Analysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

 

37  
 

the Bousinnesq model was used in the calculation of air zone. Natural convection is the 

major cause for air motion in this sealed cabin and plays an important role in the energy 

transfer process from solar energy. Natural convection in the cabin can be represented in 

the type of internal circulation, which depends on the gravitation field to drive the air 

moving in the cabin [12]. Therefore, the gravity value had been set in the numerical 

calculation. The Bousinnesq model is appropriate for the analysis object whose 

temperature has kept within limits without any large change, which assumes the 

constant value of air density to carry out the iterative calculation [13]. All the setup and 

the boundary conditions are presented in the Table 2-1. 

In the present work, the model domains were calculated using pressure-based solver 

with transient time and absolute velocity formulation. The energy and transport 

governing equations were discretized by the finite volume method and the SIMPLE 

algorithm was adopted for the coupling between pressure and velocity. The standard k-

epsilon (2eqn) turbulent model derived from the instantaneous Navier-Stokes equations 

was chosen as the viscous model in conjunction with the standard wall function for the 

near wall region treatment in this simulation [14-15].  
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Table 2-1 Setup and boundary conditions 

Category Parameter Internal External 

Physical properties Fluid Air Aluminum 

 Density [kg/m3] 1.177 2719 

 Cp [J/kg-K] 10046.43 871 

 Thermal conductivity (W/m-K) 0.0242 202.4 

 Viscosity [kg/m-s] 1.7894e-05 / 

 Thermal expansion coefficient [1/K] 3.356e-03 / 

Boundary conditions    

Momentum  Wall motion / Stationary  

 Shear condition / No slip 

 Wall roughness height (m) / 0 

 Wall roughness constant / 0.5 

Thermal convection Heat transfer coefficient (W/m2-K)  4.048 

 Free stream temperature (℃)  30 

 Wall thickness (m)  0.02 

 Heat generation rate (W/m3)  0.045 

Thermal radiation BC type  Opaque 

 Absorptivity of direct visible  0.8 

 Absorptivity of direct IR  0.8 
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2.5.1 Validation of the results 

The simulation results are validated by comparison of the predicted temperature 

values and the measuring data at the points located in the vehicle cabin described in the 

experimental investigation part, which is displayed in Figure 2-6. It can be seen that the 

predicted results are in good accordance with the experiment result and both of them 

present same trend with the time. The temperature shows a rapid increase before 5 

minutes with the rate of nearly one degree per minute and it can reach about 35 ℃ after 

5 minutes. This increased trend turns to slow down in the following 10 minutes and the 

final temperature can reach above 40 ℃ after 15 minutes. Especially, the temperature at 

the location close to the front windshield is measured over 46 ℃ which is very high and 

far more than the endurable degree of people. The two points located at same row show 

almost similar experimental and simulated temperature, individually.  

In addition, from the figure it can be seen that at the back row (selected points p3 and 

p4), the differences between calculation and experimental temperature are about 1 ℃. At 

the front row (selected points p1 and p2), this value can be seen to stay at 2 ℃ in general. 

However, the simulation results at the place close to windshield (selected points p5) 

show a worse agreement with measuring data, with the maximum deviation of 3 ℃ and 

the value has an increased trend with the time. Considering the parameters such as heat 

losses from the outside of cabin and heat transfer coefficient of car shell etc., there are 

too many factors affecting the numerical simulation. Therefore, such an agreement of a 

dynamic simulation results can be accepted to satisfy the engineering requirements.  
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 (e) 

Fig. 2-6 Temperature comparison of simulation results with experimental data, (a) P1; 

(b) P2; (c) P3; (d) P4; (e) P5 
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2.5.2 Heat flow characteristics of the central plane of vehicle cabin 

The numerical result of the temperature distribution at the central plane of the vehicle 

cabin model is drawn in Fig.2-7. It can be seen that there is different temperature 

distribution in the cabin and the difference is simulated in the range of 8 ℃ after 15 

minutes. The maximum average temperature stays about 43 ℃ at the location close to 

the wind glass and car shell including the front, top and bottom of cabin, Which is due 

to that the air flow around of these places are easy to be influenced by the heat 

concentrated in car shell from solar energy. The minimum average temperature remains 

at 35 ℃ at the rear cabin, which just occupies a little area of cabin. The temperature of 

most space stays at the range from 39 to 41 ℃.The simulation prediction of the velocity 

vector magnitude at the central plane of the vehicle cabin is shown in the Fig.2-8. It is 

easy to see that the air is essentially stagnant with low velocities in the cabin. However, 

the velocity at the central compartment is much lower than other regions. It can be said 

that the velocity is very important for maximizing heat transfer rate.  

2.5.3 Heat flow characteristics of the horizontal plane of vehicle cabin 

The heat flow field of the horizontal plane is shown in Fig.2-9. It can be seen that the 

temperature of horizontal plane stays in the same range with central plane and the 

minimum temperature region is still distributed at the rear cabin. However, the 

maximum average temperature occurs at the left and right side vehicle. The simulation 

result of the velocity vector magnitude at the horizontal plane of the vehicle cabin is 

presented in Fig.2-10. It is found that the air at the horizontal plane also moves with the 



Analysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

 

44  
 

low velocity in the cabin. The minimum velocity is calculated at the front cabin with 

small area. There is a good agreement of region distribution between the temperature 

and velocity.  

 

 

41

39

38

37

35
43

 

Fig.2-7 Numerical result of the temperature distribution (℃) at the central plane cabin 

 

 

Fig.2-8 Numerical result of the velocity vector magnitude (m/s) at the central plane 

cabin 
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Fig.2-9 Numerical result of the temperature (℃) distribution at the horizontal plane 

cabin 

 

Fig.2-10 Numerical result of the velocity vector magnitude (m/s) at the horizontal plane 

cabin  
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2.5.4 Heat flow characteristics of whole model 

The heat flow transferred from the wall surface at a given temperature to the inner of 

vehicle cabin is obtained by solving the momentum and energy equations, which is 

derived under the assumption of constant material properties, but in reality the density, 

pressure and thermal conductivity of air will changes strongly with temperature. After 

15 minutes numerical calculation, the reality thermal properties of the whole cabin can 

be observed directly from the results of the analysis through the graphics and plots. The 

pressure, density and temperature of the whole cabin are given in the Fig.2-11. 

From these pictures, it can be easy to see that the pressure of the vehicle cabin has not 

any variation in the numerical time. The front row of cabin has higher temperature than 

other space, which is accorded with the report that the front row is the most dangerous 

space when the car parking under the sunshine because the radiation can enter into the 

cabin through the wide area of the front window glass. Also, the turbulent characters of 

front row are seen to be different from the other space, which is shown in Fig.2-12. The 

front row has higher turbulent intensity and bigger turbulent dissipation rate which can 

drive the air flow to move rapidly and cause the heat transfer from high temperature of 

wall to the low inner space, which can explain the reason why the front row has higher 

temperature than other space in the vehicle cabin. In addition, the wall fluxes has also 

shows much higher value in the front row and the solar heat flux shows stronger 

radiation at the surface of the vehicle, which is also agreement with the analysis about 

temperature characters before. 
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Fig.2-11 Thermal properties of whole cabin view, (a) Pressure (Pa); (b) Density (kg/m3) 
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(c)  

 

 
(d)  

 

Fig.2-12 Turbulent properties of whole cabin view, (a) Turbulent intensity (%); (b) 
Turbulent dissipation rate (m2/s3); (c) Wall shear stress (Pa); (d) Solar heat flux (W/m2) 
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2.5.5 Heat flow rate calculation  

The total heat of cabin obtained from solar heat can be calculated by using the heat 

flow rate to multiply by the simulation time when car parking under sunshine. The total 

heat transfer rate of each wall surface of vehicle cabin after 15 minutes is shown in the 

Table 2-2. The whole cabin has got 112.02 kW heat in the 15 minutes. From this table, it 

can be easy to see that plenty of heat focuses on the roof of cabin due to the simulation 

time that is at noon when sun is just located right above of the roof. The bottom surface 

also has high heat can attribute to the height of bottom from ground is much too small 

so that the heat cannot flow fast and concentrate together.  

 

Table 2-2 Total heat transfer rate at different direction (W) 

Wall surface Total heat transfer rate  

Roof  1652.62 

Front 403.68 

Back 661.78 

Bottom 1628.19 

Left side 1579.13 

Right side 1542.27 

Net 7467.68 
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2.6 Conclusion 

This chapter used CFD analysis software to predict the heat flow distribution in the 

simplified 3-D STEPWGN vehicle cabin when parking under sunshine. The constant 

environment boundary conditions were presumed to apply in this simulation. The nature 

convection and radiation heat transfer from environment to cabin were considered and 

the distribution of transient temperature and velocity at the central and horizontal plane 

were analyzed respectively. The experimental test had been carried out in a stable 

environment the same as the boundary conditions of simulation to validate the 

numerical calculation. The following results are obtained: 

(a). The temperature of vehicle cabin increases by time and the predicted transient 

temperatures have good agreement with the experimental results, which shows the 

reliability of models and simulation method. The highest temperature is concentrated at 

the front side close to the windshield and the region of front row has higher temperature 

than back row. 

(b). The air velocity of vehicle cabin stays at the lower level and the central 

compartment has much lower velocity than other regions of the cabin.  

(c). The region of front row has stronger turbulent motion than back row, which is the 

reason why front row has higher temperature than back row. 

The vehicle model used in this paper is supposed to be a simplified one without any in-

car facility. The next work is going to analyze the entire vehicle with chairs and to 

simulate the heat flow distribution when air conditioning working.  
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Chapter 3    
Analysis of Heat flow in Vehicle 
Cabin with Traditional Air 
Conditioning System 

3.1 Chapter introduction 

The heat of vehicle cabin from sunshine can be driven out by the air conditioning and 

it also can help to adjust the humidity of cabin. To a large extent, air conditioning 

system determines the thermal comfort of a vehicle. Therefore, the performance of air 
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conditioning has been becoming more and more important to consider when consumers 

decide to buy a new car. Even though the device of traditional air conditioning system 

of a car is installed with standard configuration, the performance of various kinds of car 

is shown differently. Some cars have lower absolute temperature at the air outlet, but the 

inner temperature still hold at a high level. Moreover, some cars have terrible 

temperature gradient between the front row and back row because the wind from outlet 

cannot reach to the rear of cabin quickly. And also, the size and structure of cabin play a 

role to affect air conditioning working [1-2]. Therefore, this chapter is focus on the 

traditional air conditioning to analyze the cooling performance of a car by numerical 

simulation and experimental validation. The representative car of Honda Company—N 

box is used as the research object which can be seen in Fig.3-1[3]. The numerical study 

has analyzed the air flow and heat transfer characteristics of inner cabin, especially at 

the place of wind outlet and inlet. In order to validate the numerical study, the 

experimental study has taken place in a stable environment as same as the boundary 

conditions setting of simulation. 

 

  

Fig.3-1 Representative car of Honda Company―N box 
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3.2 Experimental investigation 

The experiments were performed under the natural convection conditions. Ambient 

environment was quiescent without any wind since the conditions of natural convection 

will be requested in this experiment. The relative humidity was determined at about 

60% and the ambient temperature stayed at 28.6 ℃ . Before the operation of air 

conditioning, the engine of car was flameout to be cooling and all the doors were 

opened to make the in-car air flow to maintain almost same as that of outside 

environment. After one hour`s ventilation, the temperature of vehicle cabin can be 

considered the same as the ambient temperature and the car dashboard showed that the 

temperature was 30.1 ℃.  

The experiment measuring time was set for 15 minutes in 5-minute intervals, which 

can be obtained three sets of data for one test.  In order to eliminate accidental errors, 

the multiple measurements were performed and three sets of test were carried out due to 

time constraints. The internal recirculation of vehicle cabin was used in this experiment 

as the way of refrigeration. The wind mode was set as only blowing the upper body of 

passengers and all the vent of wind were directed toward horizontal direction. For the 

purpose of calculating the energy consumption under the saving model, the air 

temperature was set at 25 ℃ and the wind was set at the lowest speed. Moreover, the 

inner temperature will be affected by interior colors, space size and many other factors. 

Hence, nine measuring points were picked up to monitor the temperature variation at 

different part of cabin.  Four points were fixed at the position of face when passengers 

sitting in the car including the front row and rear row. In addition, the temperature and 

velocity of wind at vent can reflect the real absolute cooling capacity of air conditioning 
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of cabin. Therefore, four points were put at four wind outlets individually to measure 

each temperature of them and another point was selected at the inlet of air conditioning 

which is located at the front of cabin close to windshield. All the measuring points are 

given in detail in the Fig.3-2. The infrared temperature probe was used in this 

experiment and the measuring points were fixed at the position. The anemometer was 

used in the test to determine the velocity of wind from the outlet of air conditioning in 

the vehicle cabin. In order to calculate the energy consumption, the fuel tank of car was 

filled up before and after experiment. The last oil mass added was recorded as the 

energy consumption of air conditioning system.  
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Fig.3-2 Measuring points of temperature in the vehicle cabin 

 

  



Analysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

 

60  
 

3.3 Numerical simulation 

In order to comprehend the thermal motion process in the cabin when air 

conditioning is operated, the numerical simulation analysis was used in this study. 

Based on the structure of the objective vehicle, the geometry model profile with real 

dimensions was drawing by the AutoCAD software and the mesh was created by 

Gambit which can be input to the CFD analysis software to carry out the numerical 

simulation. And then, the boundary conditions including the wind outlet and inlet of the 

vehicle air conditioning system were set according to the data obtained from the 

experiment before [4-5].  

3.3.1 Model geometry 

The geometry model of vehicle cabin was created by the AutoCAD software with 

real dimensions and shape. However, this model was simplified and the computational 

domain only consists of the inner space of the cabin and the chairs without any other in-

car facilities, for example, the steering wheel. And then the model was exported to 

Gambit software to generate mesh for numerical analysis. In the process, this mesh 

generation consisted of 19840275 hexahedral elements. The space under the seat was 

not included in the computational domain. The wind outlet of air conditioning system 

was marked using blue parts including four outlets on the front of surface of the cabin 

and the wind inlet was marked using red parts, which can be seen in the Fig.3-3. The 

shape of wind outlet had been made a little change compared to the original. It had been 
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simplified as a square since the original roundness had difficult to mesh and simulate 

accurately.  

 

 

Fig.3-3 Wind outlet and inlet model of air conditioning in the vehicle cabin 

 

3.3.2 Boundary conditions and problem setup 

In this simulation, the physical properties of analysis objects were set as same 

conditions as the last chapter. The surface boundaries of cabin were regarded as solid 

walls including the roof, the bottom, the door and the windows, which were defined as 

the stationary wall and semi-transparent.  However, the thermal boundary conditions of 

wall had a little change compared with last chapter. In order to simplify algorithm and 
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accelerate convergence, the heat from solar energy had not been considered in the 

calculation and a fixed wall temperature was set as the thermal condition, which was 

equal to the ambient temperature due to the short calculation time. According to the 

empirically determined data, the wall setup and boundary conditions are presented in 

Table 3-1. 

 

Table 3-1 Wall setup and boundary conditions 

Category Parameter Internal External 

Physical properties Fluid Air Aluminum 

 Density [kg/m3] 1.177 2719 

 Cp [J/kg-K] 10046.43 871 

 Thermal conductivity (W/m-K) 0.0242 202.4 

 Viscosity [kg/m-s] 1.7894e-05 / 

 Thermal expansion coefficient [1/K] 3.356e-03 / 

Boundary conditions    

Momentum  Wall motion / Stationary  

 Shear condition / No slip 

 Wall roughness height (m) / 0 

 Wall roughness constant / 0.5 

Thermal conditions Temperature (℃)  30 

 Wall thickness (m)  0.02 

 Heat generation rate (W/m3)  0 

 

On the other hand, the air flow of inner cabin can be driven by the wind velocity of 

air conditioning. Hence, the wind outlet can be defined as a mass flow inlet [6]. 
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Conversely, the wind inlet of air conditioning was regarded as an outlet of this model. 

The detail setup of momentum and thermal conditions are given in the Table 3-2. 

 

Table 3-2 Mass flow inlet setup 

Category Parameter Value 

Momentum V(mass flow rate) [kg/s] 0.0085 

 Turbulent Intensity [%] 10 

 D (Hydraulic Diameter) [m] 0.1 

 Gauge pressure [Pa] 0 

 

According to the recording data obtained from the experiment before, the temperature 

mass flow inlet that is wind outlet of air conditioning system changed by time. The 

temperature variation of the four wind outlets with time is shown in Fig.3-4. A user-

defined function was carried out to improve the function of numerical calculation. 

Hence, the mass flow inlet temperature became an equation of time [7]. 

In this simulation, the air flow motion in cabin can be regarded as an internal 

circulation and the model domain was calculated by using the pressure-based solver 

with the transient time and absolute velocity formulation. The energy and transport 

governing equations were discretized by the finite volume method and SIMPLE 

algorithm was adopted for the coupling between pressure and velocity. The k-ε (2εqn) 

turbulent model derived from the instantaneous Navier-Stokes equations was chosen in 

this simulation in conjunction with the standard wall function for the near wall region 

treatment [8]. The time step of this numerical calculation was taken as one second. 
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(c) 

 

 

 (d) 

Fig.3-4 Temperature variation of wind outlets with time, (a) P5; (b) P6; (c) P7; (d) P8 
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3.4 Results and discussion 

3.4.1 Validation of the results 

On the basis of experimental data of three times gathered, the simulation results are 

validated by comparison of the predicted temperature values and the measuring data at 

the points located at the front and back seats, which is displayed in Figure 3-5. It can be 

easy to see that the predicted results are in good accordance with the experiment result 

and both of them present same trend with the time. The temperature shows a rapid 

decrease before five minutes and it has turned to stable conditions in the following 10 

minutes. However, the front row has much stronger downtrend than rear row. In the 

initial 5 minutes, the temperature of front seat can drop to 25 ℃ which is the set value 

of experiment and back seat remains over 28 ℃ , which shows a big temperature 

gradient of 3 ℃. The two points located at same row show almost similar experimental 

and simulated temperature, individually. In addition, from the figure it can be seen that 

at the back row (selected points p3 and p4), the differences between calculation and 

experimental temperature are about 1 ℃. However, at the front row (selected points p1 

and p2), this value rises to 2 ℃ in general and it has an increased trend with the time, 

which shows a worse deviation with the measuring data. 

At the wind outlet and inlet of air conditioning, the comparisons of experimental data 

and simulation results are shown in Figure 3-6. On the one hand, it can be seen that the 

simulation values of wind outlet (selected points p5-p8) have good agreement with the 

experimental value. In order to save energy, the cabin temperature was set at 22 ℃. In 

the initial 5 minutes, the temperature of outlet was measured to drop to 18 ℃ which is 
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lower than the set value. In the following 10 minutes, the downtrend of four wind 

outlets has turned to slow down and the temperature keeps at about 17 ℃. On the other 

hand, the predicted results of wind inlet (selected point p9) are also in good agreement 

with the experiment result and the differences of temperature between of both are below 

1 ℃. Also, both of them present the same trend with the time. The rapid decrease is 

shown in the initial 5 minutes and then the temperature keeps a slow downtrend in the 

following 10 minutes. 
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(d) 

Fig.3-5 Temperature comparison of simulation results with experimental data, (a) P1; 

(b) P2; (c) P3; (d) P4 
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(e) 

Fig.3-6 Temperature comparison of simulation results with experimental data, (a) P5; 

(b) P6; (c) P7; (d) P8; (e) P9 
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3.4.2 Heat flow characteristics of whole cabin 

The stable numerical results of thermal characteristics are obtained after calculating 

for 15 minutes. By solving the momentum and energy equations, the heat flow 

characteristics of the whole cabin including pressure and turbulent property of air are 

shown through the following graphics and plots. 

Actually, thermal performance of air conditioning can be optimized by the 

appropriate wind outlet. If it is open at the right place the wind outlet can provide 

suitable wind to make the passengers feel more comfortable in a relatively short 

working time [9], which can help vehicle to save more energy. Therefore, the heat flow 

characteristics analysis of cabin plays a significant role because it can help to find out 

the right place where the wind outlet should be open.  

The heat flow characteristics of whole vehicle cabin including wind outlet and inlet 

of air conditioning system are given in the Fig.3-7. It can be easy to see that the density 

of air in the cabin has no change during the test time. But the pressure of wind outlet 

and inlet are quite different from other location because the wind drives the air flow 

moving and causes the pressure change. Also, it can be obvious to see the front row of 

cabin has lower temperature than the rear row. The same reason is due to the wind of 

front row which is difficult to blow to the rear row since the structure of cabin. 

Obviously, traditional air conditioning can just reduce the temperature of rear row to 

28 ℃ (301K) which is still not comfortable for passengers. Therefore, this cooling 

model cannot satisfy all the passengers of the cabin, which is consistent with the 

experimental results.   
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In addition, the turbulent characteristics of front row are seen to be different from the 

other space in the cabin, which is shown in Fig.3-8. From the picture, it can be easy to 

see that the front row has quite stronger turbulent intensity and turbulent dissipation rate 

than other region. These factors can drive the air flow of cabin to move rapidly and 

conduct the heat transfer from high to low, which is the reason why front row has lower 

temperature than the rear row [10].  
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(e) 

 

 

(f) 

Fig.3-7 (a)(b) Density (kg/m3) view of whole cabin; (c)(d) Pressure (Pa) view of whole 

cabin; (e)(f) Temperature (K) view of whole cabin. 
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(g) 

 

 

(h) 

Fig.3-8 (a)(b) Total heat surface flux (W/m2) of whole cabin. (c)(d) Turbulent 

dissipation rate (m2/s3) of whole cabin. (e)(f) Turbulent intensity (%) of whole cabin. 

(g)(h) Wall shell stress (Pa) of whole cabin. 
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3.4.3 Heat flow calculation 

The total heat of cabin obtained from environment of outside can be calculated by 

using the heat flow rate to multiply by the simulation time when air conditioning is 

working. According to the heat flow reports of simulation results, the total heat transfer 

rate at each wall surface between ambient and vehicle cabin can be seen in the Table 3-3. 

Through the calculation, the whole cabin has got heat 2333.55 W after 15 minutes. 

When temperature of cabin is adjusted to the normal room temperature, the energy 

consumption of air conditioning would be calculated according to this basic data. From 

this table, it can be easy to see that the heat transfer rate turns to decrease by time. There 

is much more heat getting into the cabin through the front wind glass than other surface 

and the minus value of total energy shows the heat transfer from cabin to ambient by air 

conditioning.  

The mass flow rate is given in the Table 3-4. According to the boundary setting, the 

mass flow rate keeps in a stable condition. Hence, these values remain the set value 

without any variation in the simulation time of 15 minutes. 
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Table 3-3 Total heat transfer rate at different direction (W) 

Time 

Wall surface 
5 minutes 10 minutes 15 minutes 

Back 15.37 12.23 10.56 

Bottom 16.10 11.55 9.79 

Chair1 79.61 69.23 61.13 

Chair2 24.90 19.51 17.42 

Front 101.53 88.87 78.04 

Inlet1 -74.27 -58.56 -49.04 

Inlet2 -103.13 -87.61 -77.51 

Inlet3 -103.11 -87.59 -77.50 

Inlet4 -74.36 -58.62 -49.08 

Left side 57.44 49.60 44.63 

Outlet 90.41 94.44 98.35 

Right side 57.41 49.58 44.62 

Roof 54.59 49.02 44.17 

Net 142.49 151.64 155.57 
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Table 3-4 Mass flow rates at different direction (kg/s) 

Wall surface Mass flow rate 

Back 0 

Bottom 0 

Chair1 0 

Chair2 0 

Front 0 

Inlet1 0.0085 

Inlet2 0.0085 

Inlet3 0.0085 

Inlet4 0.0085 

Left side 0 

Outlet -0.034 

Right side 0 

Roof 0 

Net -2.51E-08 
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3.4.4 Energy consumption calculation 

As an economically affordable vehicle, the experimental car has a low-emission 

engine with cylinder of 0.66 L working volume, which can enhance the efficiency of 

fuel oil. It has been well known that the vehicle air conditioning is driven by the engine 

of vehicle. Hence, the air conditioning system has affected the dynamic property and 

economic efficiency of vehicle. In terms of motor, when it accelerates from a static 

standing to a certain speed, the car using air conditioned always has lag response 

without any refreshing. In terms of the economy, it is manifested that the air 

conditioning has made the fuel oil consumption significant increase compared with no 

using. In this experiment, the single energy consumption of air conditioning system was 

measured under the non-driving condition.  Based on the average value of three times, 

the car consumed fuel oil 0.3 L in 15 minutes, this means that the waste fuel oil of air 

conditioning system can drive about more 2 km distance per hour (according to the 

JC08 model fuel fee of N box).   
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3.5 Conclusion 

This chapter studied the cooling effect of traditional air conditioning system of 

automobile by numerical simulation and experimental validation. Using the CFD 

software, a simplified 3-D N box vehicle cabin model was created to analyze the air 

flow and heat transfer characteristics of inner cabin, especially at the place of wind 

outlet and inlet during cooling period. The experimental study took place in a stable 

environment under the same condition with the simulation. Temperature variation 

during 15 minutes was tested at different location of cabin and the energy consumption 

was also measured, which makes a comparison with the numerical study. The following 

results are obtained: 

(a). The temperature of vehicle cabin decreases by time and the predicted transient 

temperatures have good agreement with the experimental results, which shows the 

reliability of models and simulation method. The back row of cabin has higher 

temperature than the front row. 

(b). The cabin turns to thermal stable after 5 minutes and the oil consumed by air 

conditioning can help car to drive more 2 km in one hour. 

(c). Under save energy model, the temperature gradient is terrible and the back row still 

has high temperature. The traditional air conditioning system cannot make all the 

passengers feel comfortable. 

The new air conditioning system has been considered to improve the efficiency and 

enhance thermal comfort for the passengers instead of the traditional one in the next 

step.  
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Chapter 4   
Analysis of Heat Flow in Vehicle 
Cabin with Personal Air 
Conditioning System 

4.1 Chapter introduction 

Currently, traditional automobile has been bringing a lot of problems including the 

environment pollution and energy shortage. In order to resolve these problems, the 

electric vehicle has been developing and had a rapid increase in recent years. However, 
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the driving distance of battery capacity has been the main problem to perplex the 

consumers. According to the current electric vehicle, the driving range varies about 

from 180 to 200 km for one charge. Nonetheless this driving range will be reduced by 

one third to a half when the air conditioning system is operated. Therefore, energy 

consumption as little as possible has been taken into account in the design of air 

conditioning system of electric vehicle. In this chapter, a concept of personal air 

conditioning system is proposed to replace the traditional one in vehicle. This system 

can provide comfortable thermal environment for each passenger individually by 

installed inside of chairs, which could reduce the waste energy at the space of no person 

in the cabin. In addition, this system is produced by Peltier module and fan motor that 

can only consume lower electric power to drive so that the saved energy can be used to 

provide vehicle to drive longer [1-5]. 

In this study, the car—N box was also used as the model to simulate the thermal 

characteristics of cabin when using personal air conditioning system. To validate the 

simulation, thermal comfort and temperature measure was carried out under the same 

conditions. Also, the energy consumption of the whole system was calculated to make a 

comparison with traditional one.  
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4.2 Evaluation of thermal comfort 

Generally, thermal comfort is affected by heat conduction, convection, radiation, and 

evaporative heat loss. Thermal comfort is maintained when the heat generated by 

human metabolism is allowed to dissipate, thus maintaining thermal equilibrium with 

the surroundings. It has been long recognized that the sensation of feeling hot or cold is 

not just dependent on air temperature alone. Since there are large variations from 

ambient to person in terms of physiological and psychological satisfaction, it is hard to 

find an optimal temperature for everyone in a given space. Laboratory and field data 

have been collected to define conditions that will be found comfortable for a specified 

percentage of occupants [6]. 

Thermal comfort is the condition of mind that expresses satisfaction with the thermal 

environment and is assessed by subjective evaluation. Maintaining this thermal 

comfortable standard for occupants of buildings or other enclosures is one of the 

important goals of air conditioning system design engineers. The Predicted Mean Vote 

(PMV) is proposed out and it stands among the most recognized thermal comfortable 

models [7]. It was developed using principles of heat balance and experimental data 

collected in a controlled climate chamber under steady state conditions. Because the 

PMV model was derived from data collected in a controlled climate, it is not suitable for 

applications in naturally ventilated spaces which often have high levels of air movement. 

This shortcoming motivated the development of a family of empirical statistical models 

of thermal comfort in naturally ventilated spaces known as adaptive models. Adaptive 

models of thermal comfort consider occupants as dynamically interacting with their 

environment, and controlling their thermal comfort by means of clothing or window-
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opening and closing. This is in contrast to thermal comfort in sealed cabin, in which 

occupants experience the environment passively. Researcher Fanger [8] proposed a set 

of correlations giving the PMV as a function of the thermal load, L, on the body, defined 

as the difference between the rate of metabolic heat generation and the calculated heat 

loss from the body to the actual environmental conditions assuming these optimal 

comfortable conditions. The convection and radiation heat transfer are functions of 

clothing temperature, which is affected by skin temperature. The evaporative losses are 

directly influenced by skin temperature. Therefore, L can be expressed by the following 

equation: 

L = M – w – fclhc (Tcl – Ta) – fclhr (Tcl-Tr) – 156 (Wsk – Wa) – 0.42 (M – w – 18.43) –

0.00077M (93.2 – Ta) – 2.78M (0.0365 – Wa)                                

(4.1) 

Where 

L, thermal load; 

M, rate of metabolic generation per unit DuBois surface area, Btu/h ft2; 

w, human work per unit DuBois surface area, Btu/h ft2; 

Tcl, average surface temperature of clothed body, °F; 

fcl, ratio of clothed surface areato DuBois surface area(Acl/AD); 

Ta, air temperature, °F;  

hc, convection heat transfer coefficient, Btu/h ft2 °F; 

Tr, mean radiant temperature, °F or °R;  
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hr, radiative heat transfer coefficient, Btu/h ft2 °F; 

Wa, air humidity ratio;  

Wsk, saturated humidity ratio at the skin temperature. 

In this equation, the clothing temperature can be easily calculated from the skin 

temperature, the air temperature, mean radiant temperature, and the thermal resistances. 

��� − ���

���
= ���ℎ�(��� − ��) + ���ℎ�(��� − ��) 

(4.2) 

��� =
��� + ������(ℎ��� + ℎ���)

1 + ������(ℎ� + ℎ�)
 

(4.3) 

Where 

Rcl, effective thermal resistance (R-value) of clothing, ft2°F h/Btu. 

In this equation there is no definitive set of values for all applications. Fanger [8] 

used the following approximations as these parameters to develop his original 

correlation: 

��� = �
1.0 + 0.2���  

1.05 + 0.1���  
�          ��� < 0.5 ��� 

 (4.4) 

ℎ� = ��� �0.361(��� − ��)�.��

0.151√�
� 

 (4.5) 
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ℎ� = 0.7 

 (4.6) 

Therefore, the final correlation between PMV and the thermal load can be expressed 

by the following equation: 

PMV = 3.155(0.303���.���� + 0.028)L 

(4.7) 

According to the calculation results, the evaluation index of comfort can be 

introduced by the value of PMV. This index value has seven levels and is in the range of 

-3 to +3. -3 means hot and +3 means cold, which can help to predict the thermal comfort 

for passengers. The thermal comfortable degree that number represents is shown in 

Table 4-1. In the summer, the comfortable sensation should be a little bit cold or neutral 

which can be expressed by the PMV index that ranges from 0 to -1.  

 

Table 4-1 PMV index 

Sensation Hot Warm A little bit 
warm Neutral A little bit 

cold Cool Cold 

PMV +3 +2 +1 0 -1 -2 -3 

 

Thermal comfort is a combination of body feeling which can influenced by a lot of 

factors like air velocity. According to the calculation results made by previous 

researchers, the relationship between PMV index and air velocity is given in Fig.4-1. 

From this picture, it can be easy to understand that the black frame shows the thermal 
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comfortable region. When temperature varies from 20 to 24 ℃, thermal comfortable 

region is maximum focus on the wind velocity from 2 to 3 m/s.  

In this study, the temperature of wind outlet of air conditioning system is set as 

22 ℃.Therefore, according to this relationship, thermal comfortable region is located at 

the wind velocity range from 1 to 4 m/s and the optimum value is 2.5 m/s. 

 

 

 

Fig.4-1 Relationship between PMV and air velocity at different temperature conditions 
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4.3 Experimental investigation 

4.3.1 Peltier module seat 

In this experiment, the personal air conditioning system is installed inside of the 

vehicle chair and it is conducted by the Peltier module and fan motor. Outside of the 

seat, there are two wind outlet vents with the dimension of 45 mm × 45 mm on the back 

of cushion and on the top of the seat back, which can provide wind for the back and 

neck of passenger, respectively. The outside view of the chair is given in Fig.4-2. The 

two wind outlets are marked by the red circle in the picture. 

Inside of the seat, this personal air conditioning system is working by temperature 

regulation equipment which is installed under the cushion. This temperature regulation 

equipment is made by peltier module, heat sink, cooling fin and DC fan motor. 4 pieces 

of peltier modules (2 sets of 2 pieces overlap) are used in this system and they are fixed 

on the heat sink. The cooling fin is settled on the peltier modules and behind cooling fin 

there is a fan motor to produce wind for heat dissipation. The structure of inner chair is 

shown in Fig.4-3. 
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Fig.4-2 Outside view 
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view of the chair with personal air conditioning system

  

nalysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

of the chair with personal air conditioning system 
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Fig.4-3 Inside view of the chair with personal air conditioning system 
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4.3.2 Specification of instrument 

1. Peltier module 

Company：AISIN SEIKI Co., Ltd 

Type：U-11G236F-S401 

Rated voltage：DC12V 

Maximum electric current：4.2A 

Maximum unit of heat：37.8W 

Size：(L)115mm×(W)80mm×(H)47mm  

Weight：390g 

2. Heat sink 

Company：SAKAGUCHI E. H VOC CORP 

Size：(L)115mm×(W)80mm×(H)28mm  

3. Cooling fin 

Company：Takagi Mfg. Co., Ltd 

Size：(L)120mm×(W)120mm×(H)120mm  

4. DC fan motor for heat dissipation 

Company：ORIENTAL MOTOR Co. , Ltd  

Type：MDE1451-24L2 

Rated voltage：DC24V 
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Maximum electric current ：0.7A 

Rotating speed ：3150 r/min 

Maximum wind velocity：5.8 m3/min 

Maximum static pressure：130Pa 

Noise level：49dB 

Size：140mm×51mm 

5. DC fan motor for ventilation 

Company：SANYO DENKI CO., LTD 

Type：9WG1224F101-E 

Rated voltage：24V 

Maximum electric current：0.16A 

Rotating speed ：2280r/min 

Maximum wind velocity：2.45 m3/min 

Maximum static pressure：54.2Pa 

Noise level：36db 

Size：120mm×38mm 

6. Acrylic plate 

Company：Sugawara Co., Ltd 

Thickness：3mm 
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7. Power unit① 

Company：Agilent Technologies, Inc.  

Type：U8002A 

Maximum main voltage：30V 

Maximum main electric current：5A 

Ripple voltage ：1.0mVrms 

8. Power unit② 

Company：KIKUSUI ELECTRONICS CORPORATION 

Type：PAS80-4.5 

Maximum main voltage：80V 

Maximum main electric current：4.5A 

9. Power unit③ 

Company：AND CORPORATION 

Type：AD-8724D 

Maximum main voltage：30V 

Maximum main electric current：2.5A 

10. Data logger 

Company：ADVANTEST CORPORATION 

Type：R7326B 
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4.3.3 Experimental method 

In this experiment, ambient environment was quiescent and the temperature was 

29 ℃ with relative humidity 60%. Before the operation of air conditioning system, the 

engine of car was flameout to be cooling and all the doors were opened to make the in-

car air flow to maintain almost same as that of outside environment. After one hour’s 

ventilation, the temperature of vehicle cabin can be considered the same as the ambient 

temperature and the car dashboard showed that the temperature was 29 ℃. During the 

experimental process, the environment can be seen to stay in a constant condition due to 

the short test time of 15 minutes.  

The temperature measuring time was set for 15 minutes in 5-minute intervals, which 

can be obtained three sets of data for a test.  In order to eliminate accidental errors, the 

multiple measurements were performed and three sets of test were carried out due to 

time constraints. In this test, the wind velocity of personal air conditioning is set as 2.5 

m/s and the temperature is set as 22 ℃. The infrared temperature probe was used in this 

experiment and the eight measuring points were picked up to monitor the temperature 

variation of cabin. Four points were fixed at the position of neck when passengers 

sitting in the car including the front row and rear row. The part of face is very important 

place to feel if the environment is comfortable or not. Another four points were fixed at 

position of passengers’ waist. These eight places are located close to the wind outlet 

where the temperature is easy to be influenced by the air conditioning system and turn 

to change. All the measuring points are given in Fig.4-4. 

 Another thermal comfort test started after the vehicle standing in the setting 

environment for 120 minutes and reaching steady situation. The examinees went into 
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the cabin and sat on the temperature regulation seat for 10 minutes to get used to the 

cabin environment. Then, the personal air conditioning turned on and examinees started 

to feel the thermal comfort. According to the PMV index, examinees’ feeling was 

turned to the related number and made recording. The total test time is 15 minutes and 

the data is recorded per minute.  

 

P1,p5

P2,p6

P3,p7

P4,p8

Top view

P5,p6

p1,p2 p3,p4

Side view

P7,p8

 

Fig.4-4 Measuring points of temperature 
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4.4 Numerical simulation 

In order to comprehend the motion process of heat flow in the cabin when this 

personal air conditioning system is operated, the numerical simulation analysis is used 

in the study. Based on the objective vehicle, the geometry model profile with real 

dimensions is drawing by the AutoCAD software and the mesh is created by Gambit 

which can be input to the CFD analysis software to carry out the numerical simulation. 

And then, the boundary conditions including the wind outlet of the vehicle air 

conditioning system are set according to the data obtained from the experiment before 

[9-10]. 

4.4.1 Model Geometry 

The geometry model of the vehicle is created by the AutoCAD software with real 

dimensions and shape. However, this model is simplified and the computational domain 

only consists of the inner space of the cabin and the chairs without any other in-car 

facilities, for example, the steering wheel. And then the model is exported to CFD 

software to generate mesh for numerical analysis. In the process, this mesh generation 

consists of 6077670 hexahedral elements. The space under the seat is not included in the 

computational domain. The outlet of personal air conditioning system is marked as red 

parts including four outlets on the back of surface of the cushion and four outlets on the 

top of the seat back, which can be seen in Fig.4-5. 
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Fig.4-5 Section mesh of the chair in the cabin  
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4.4.2 Boundary conditions and problem setup 

In this numerical calculation, in order to make a comparison with the traditional 

vehicle air conditioning system, the wall setup and boundary conditions were set as 

same as the last chapter, which can be seen in the Table 4-2. The model domain is also 

calculated by using the pressure-based solver with the transient time and absolute 

velocity formulation. The energy and transport governing equations are discretized by 

the finite volume method and SIMPLE algorithm is adopted for the coupling between 

pressure and velocity. The k-ε (2εqn) turbulent model derived from the instantaneous 

Navier-Stokes equations is chosen in this simulation in conjunction with the standard 

wall function for the near wall region treatment. The time step of this numerical 

calculation is taken as one second [11-13].  

On the other hand, the eight wind outlets are also defined as mass flow inlet. 

According to the empirically determined data, the detail setup of momentum and 

thermal conditions are given in Table 4-3. In order to simplify algorithm and accelerate 

convergence, the wind outlet of air conditioning is presumed to keep in a stable 

condition with constant temperature. 
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Table 4-2 Wall setup and boundary conditions 

Category Parameter Internal External 

Physical properties Fluid Air Aluminum 

 Density [kg/m3] 1.177 2719 

 Cp [J/kg-K] 10046.43 871 

 Thermal conductivity (W/m-K) 0.0242 202.4 

 Viscosity [kg/m-s] 1.7894e-05 / 

 Thermal expansion coefficient [1/K] 3.356e-03 / 

Boundary conditions    

Momentum  Wall motion / Stationary  

 Shear condition / No slip 

 Wall roughness height (m) / 0 

 Wall roughness constant / 0.5 

Thermal conditions Temperature (℃)  29 

 Wall thickness (m)  0.02 

 Heat generation rate (W/m3)  0 

 

 

Table 4-3 Mass flow inlet setup 

Category Parameter Value 

Momentum V(velocity magnitude) [m/s] 2.5 

 Turbulent Intensity [%] 10 

 D (Hydraulic Diameter) [m] 0.045 

 Gauge pressure [Pa] 0 

Thermal conditions Total temperature [℃] 22 
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4.5 Results and discussion 

The stable numerical results of thermal characteristics are obtained after calculating 

for 15 minutes. By solving the momentum and energy equations, the heat flow 

characteristics of the whole cabin including pressure and turbulent property of air are 

shown through the following graphics and plots. 

4.5.1 Validation of the results 

Based on the experimental data, the simulation results are validated by the 

comparison of predicted temperature values and experimental data at the points located 

in the cabin described in the experimental investigation part of this chapter. The 

temperature comparison results at neck and at waist are shown in the Fig.4-6 and Fig.4-

7, individually.  

From the Fig.4-6, it can be easy to see that the temperature at neck has good 

agreement between predicted and experimental results. Both of them show a decrease 

trend in the test time and the temperature can drop to about 22 ℃ which is the set value 

of cabin. The four points almost show similar experimental and simulated temperature, 

individually due to the similar location in the cabin. 

  However, at the waist showing in Fig.4-7, the temperature difference between 

calculation and experiment rises to a peak value of about 3 ℃ when the test takes on  to 

5 minutes, which shows a worst deviation. After 5 minutes, test temperature has 

maintained a stable value of about 20 ℃  and the predicted temperature goes on 

decreasing to set value of 22 ℃. The deviation between these turns to weaken and 
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finally keeps at approximate 1.5 ℃. It can be easy to see that the final temperature of 

test is lower than the set value of 22 ℃, which can be due to the temperature controller 

system of experimental appliance. It is hard to make a control accurately, even rough by 

the traditional air conditioning system.   
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(c) 

 

 

(d) 

Fig.4-6 Temperature comparison of simulation results and experimental data at neck, 

(a) P1; (b) P2; (c) P3; (d) P4 
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(c) 

 

 

(d) 

Fig.4-8 Temperature comparison of simulation results and experimental data at waist, 

(a) P5; (b) P6; (c) P7; (d) P8 
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4.5.2 Heat flow characteristics of chair 

The stability numerical results of thermal characteristics are obtained after calculating 

for 15 minutes. The phenomenon in the chair around the wind inlet vents surface is 

more important and complicated than other part of solution domain. Hence, a virtual 

circle of chair surface is picked up to show the temperature distribution.  

The temperature of chair is shown in the Fig.4-9 (a). From this picture, it is seen that 

the seat area around the inlet vents has lower temperature than the rest parts since the 

cooling wind blows from here and the variation of the value is simulated in the range of 

6 ℃ after 15 minutes. It means that the temperature in the back of passengers can 

decline to under 24 ℃ (297K) that is the normal room temperature and passengers could 

feel comfortable under this situation, which has good agreement with the experimental 

results. However, the other part of vehicle cabin has high temperature. This is the reason 

why examinee feels uncomfortable at the part of face and head.  

The temperature distribution in the place where the passengers could feel including 

the chair and wind outlet vents is drew in Fig.4-9 (b). X axis shows the length of the 

vehicle and position. From this picture, it can be easy to see that the area near the chair2 

(the chair of back row) has the lowest temperature which is 24 ℃ (297K). On the other 

hand, the front row chair stays at about 26 ℃  (299K). The same personal air 

conditioning system is used in both of two chairs and the variation of the temperature of 

two chairs should be similar. Obviously, the inner structure of cabin conducts this result. 

The front of cabin has more huge space compared to the rear zone. Also, the backboard 

of front chair has become a factor to affect the heat flow motion.  
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     (a)   

 

 

                                                                           (b)   

Fig.4-9 Temperature (K) distribution with the position 
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4.5.3 Turbulence characteristics of chair 

The turbulence characteristics of heat flow of the chairs including the eight wind 

outlets of personal air conditioning system of vehicle cabin are given in the following 

picture from Fig.4-10 to Fig.4-15. It directly shows the turbulent properties at different 

location of the cabin, which can visually explain the results why the vehicle cabin has 

such complex thermal distribution finally.  

From Fig.4-10 and Fig.4-11, it can be easy to see that the front row has higher total 

pressure and total surface heat flux compared with the rear row during the experimental 

time. That is the reason why front row has higher temperature than the rear row. The 

total surface heat flux is also an important factor to affect the temperature of cabin. 

From Fig.4-12 and Fig.4-13, it can be obvious to see that the front row has strong 

turbulent intensity and turbulent energy, especially at the position of wind outlets, which 

is quite different from other place. The reason can be explained by wind velocity which 

drives the air flow to move fast and causes the turbulence change. In addition, the 

structure of cabin also reduces the difference between front and back. 

From Fig.4-14 and Fig.4-15, the pictures show the characters of skin friction 

coefficient and wall shear stress. It also can be seen that the front row has much higher 

level than back row. The same reason is due to the wind velocity. 

Therefore, it is obvious to see that this personal air conditioning cannot keep a 

balance between front row and back row in the vehicle cabin.  The cooling from wind 

outlet is still not enough and cannot satisfy all the passengers, which is consistent with 

the experimental results.  
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Fig.4-10 Total pressure (Pa) in the different location 

 

 

Fig.4-11 Total surface heat flux (W/m2) in the different location 
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Fig.4-12 Turbulent intensity (%) in the different location 

 

 

Fig.4-13 Turbulent energy (m2/s2) in the different location 
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Fig.4-14 Skin friction coefficient in the different location 

 

 

Fig.4-15 Wall shear stress (Pa) in the different location 
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4.5.4 Heat flow calculation 

The total heat of cabin obtained from environment of outside can be calculated by 

using the heat flow rate to multiply by the simulation time when the personal air 

conditioning is working. According to the heat flow reports of simulation results, the 

total heat transfer rate at each surface between ambient and vehicle cabin can be seen in 

the Table 4-4. Through the calculation, the whole cabin has got 4232.1W heat after 15 

minutes. When temperature of cabin is adjusted to the normal room temperature, the 

energy consumption of air conditioning system would be calculated according to this 

basic data.  

Table 4-4 Total heat transfer rate at different direction (W) 

Time 

Wall surface 
5 minutes 10 minutes 15 minutes 

Back 129.03 130.55 130.21 

Bottom 186.01 185.23 185.12 

Chair1 728.05 729.35 730.67 

Chair2 388.01 388.78 387.05 

Front 950.23 949.05 949.87 

Left side 438.36 435.14 440.48 

Outlet1 -2210.02 -2210.95 -2208.64 

Outlet2 -1189.05 -1189.87 -1189.25 

Right side  385.65 385.96 387.23 

Roof 468.21 469.54 469.41 

Net 274.48 272.78 282.15 
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From this table, it can be easy to see that the heat transfer rate almost has no obvious 

change during the simulation time. There is much more heat getting into the cabin 

through the front wind glass than other surface. The minus value of total energy shows 

the heat transfer from cabin to ambient by air conditioning and it is obvious to see that 

the outlet1 of the front row moves more heat than the outlet2 of the rear row. 

The mass flow rate is given in the Table 4-5. According to the boundary setting, the 

mass flow rate keeps in a stable condition. Hence, these values remain the set value 

without any variation in the simulation time of 15 minutes. 

 

Table 4-5 Mass flow rate at different direction (kg/s) 

Wall surface Mass flow rate 

Back 0 

Bottom 0 

Chair1 0 

Chair2 0 

Front 0 

Left 0 

Outlet1 0.024 

Outlet2 0.024 

Right 0 

Roof 0 

Net  0.048 
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4.5.5 Energy consumption calculation 

According to the ampere meter, each personal air conditioning system consumes 

electric power 84.7 W shown in Table 4-6. This test vehicle is installed for four systems 

and the overall consumption for a car of four passengers only takes electric power 338.8 

W after 15 minutes of working time, which is much less than the traditional one. 

 

Table 4-6 Electric power consumption of each device of personal air conditioning 

system 

Device Electric power (W) 

Peltier device 72.7 

DC fan motor for heat dissipation 2 

DC fan motor for ventilation 10 

Total system 84.7 

 

4.5.6 Evaluation of thermal comfort 

The results of thermal comfort evaluation through experiments are given in Fig.4-16. 

It can be seen that the examinee could feel neutral after 4 minutes and this comfortable 

feeling can continue in the later 15 minutes of test time. However, according to the 

examinee, the face and the head still feel uncomfortable because the wind from chair 

just can reach to the back of passenger straightly not the whole body. 
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Fig.4-16 Experimental results of PMV 
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4.6 Conclusion 

This chapter used the personal air conditioning system instead of the traditional one 

to provide thermal comfort for the passengers. A simplified 3-D N box vehicle cabin 

model was created to simulate the air flow and heat transfer characteristics of inner 

cabin and under the same condition thermal comfort and temperature experiment was 

taken place to make a comparison. Also, the electronic power consumption of this 

system was calculated by recorder. The following results are obtained: 

(a). The predict temperature has good agreement with the experimental results, which 

shows the reliability of models and simulation method. Both of them decrease by time 

and turn to stable after 5 minutes. 

(b). This personal air conditioning system can make passengers feel comfortable after 4 

minutes and all the apparatuses can just only consume electric power 338.8, which is 

less than traditional air conditioning of cabin. 

(c). This personal air conditioning system has been validated to be used in electric 

vehicle instead of traditional one. But it cannot make all the body feel comfortable. 

Except the area of chairs, temperature of entire cabin has almost no change during 15 

minutes 

Therefore, the next work is considering adding more wind outlet in the cabin to 

provide more wind for the passengers.  
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Chapter 5   
Proposal of Modified Personal 
Air Conditioning System  

5.1 Chapter introduction 

The personal air conditioning system can be considered as an efficient appliance to 

cut the energy consumption of a car from the study of chapter 4. However, this system 

cannot cool the front side of passengers and it shows that the whole temperature of 

cabin still stays at a high level since this system just can be local action. In order to 

further improve the refrigeration capacity and thermal comfort, a modified personal air 
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conditioning system is proposed in this chapter. Based on the old one, the new system 

has added four more wind outlets in the front of cabin. These four outlets have bigger 

size than the original vents on the chairs so that they can provide much more cooling 

wind for all the passengers. In order to validate the feasibility if this system can apply in 

vehicle, taking the same car of chapter 4 as the mode, the thermal distribution and heat 

transfer characteristics of cabin are simulated by CFD software under the cooling action 

during 15 minutes. Also, the energy consumption is estimated to make a comparison 

with the traditional air conditioning system. 
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5.2 Numerical simulation 

In this chapter, the numerical simulation process is carried out as same as that of 

previous chapter. First, the 3-D model of the vehicle is established by AutoCAD and 

meshed by CFD analysis software. Then, the boundary conditions are set according to 

the environment situation. Finally, the calculation is carried out by software and the 

analysis results are obtained [1-3]. 

5.2.1 Model geometry 

The geometry model of the vehicle is created by the AutoCAD software with real 

dimensions and shape of the N box car. This model is also simplified and the 

computational domain only consists of the inner space of the cabin and the chairs with 

personal air conditioning system as same as that of chapter 4. The difference is that this 

model adds four more wind outlets in the front of the cabin, which can be seen in the 

Fig.5-1. The four outlets are marked out using red. And then the model is exported to 

CFD software to generate mesh for numerical analysis. In this process, the mesh 

generation consists of 6234831 hexahedral elements. The space under the seat is not 

included in the computational domain.  

  



Analysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort

 

 

 

Fig.5-1 Section mesh of four outlets in the front of cabin

5.2.2 Boundary conditions and problem setup

The boundary condition is also 

boundary temperature of the 

ambient temperature of outside which is

the wind velocity of outlets on the chair still keeps the previous setting that is 2.5 m/s in 

the chapter 4. But the new four outlets are speeded up to 3 m/s and the size of the outlets 

is set as 0.1 m which is bigger than the ones on the chair, which will not brin

discomfort feeling to the passengers
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1 Section mesh of four outlets in the front of cabin

 

5.2.2 Boundary conditions and problem setup 

The boundary condition is also set as the same as that of chapter 4

temperature of the inner cabin joined to wall is regarded as 

outside which is set to 29 ℃. About the momentum equation, 

velocity of outlets on the chair still keeps the previous setting that is 2.5 m/s in 

ut the new four outlets are speeded up to 3 m/s and the size of the outlets 

is set as 0.1 m which is bigger than the ones on the chair, which will not brin

passengers because of the long distance between the two. 

nalysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

 

1 Section mesh of four outlets in the front of cabin 

set as the same as that of chapter 4. The original 

is regarded as equal to the 

About the momentum equation, 

velocity of outlets on the chair still keeps the previous setting that is 2.5 m/s in 

ut the new four outlets are speeded up to 3 m/s and the size of the outlets 

is set as 0.1 m which is bigger than the ones on the chair, which will not bring 

because of the long distance between the two. Also, 
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this velocity is in the range of the thermal comfortable region (1-4 m/s when set 

temperature is 22 ℃ ), which is given in the chapter 4.2. The detail of boundary 

conditions is presented in the Table 5-1. On the other hand, 12 wind outlets are also 

defined as mass flow inlet. The detail setup of momentum and thermal conditions are 

shown in Table 5-2. In order to simplify algorithm and accelerate convergence, the 

environmental temperature is set as a constant value due to the short calculation time 

and the wind outlet of air conditioning is also presumed to keep in a stable condition 

with constant temperature. 

The calculation setup also uses the same algorithm as that of previous chapter. The 

air flow motion in cabin can be regarded as an internal circulation and the model 

domain is calculated by using the pressure-based solver with the transient time and 

absolute velocity formulation. The energy and transport governing equations are 

discretized by the finite volume method and SIMPLE algorithm is adopted for the 

coupling between pressure and velocity. The k-ε (2εqn) turbulent model derived from 

the instantaneous Navier-Stokes equations is chosen in this simulation in conjunction 

with the standard wall function for the near wall region treatment [4-6]. The time step of 

this numerical calculation is taken as one second. 
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Table 5-1 Setup and boundary conditions 

Category Parameter Internal External 

Physical properties Fluid Air Aluminum 

 Density [kg/m3] 1.177 2719 

 Cp [J/kg-K] 10046.43 871 

 Thermal conductivity (W/m-K) 0.0242 202.4 

 Viscosity [kg/m-s] 1.7894e-05 / 

 Thermal expansion coefficient [1/K] 3.356e-03 / 

Boundary conditions    

Momentum  Wall motion / Stationary  

 Shear condition / No slip 

 Wall roughness height (m) / 0 

 Wall roughness constant / 0.5 

Thermal conditions Temperature (℃)  29 

 Wall thickness (m)  0.02 

 Heat generation rate (W/m3)  0 

 

Table 5-2 Mass flow inlet setup 

Momentum Outlet1 and outlet2 Outlet3 

V(velocity magnitude) [m/s] 2.5 3 

Turbulent Intensity [%] 10 10 

D (Hydraulic Diameter) [m] 0.045 0.1 

Gauge pressure [Pa] 0 0 

Inlet vents temperature [℃] 22 22 
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5.3 Results and discussion 

The stable numerical results of thermal characteristics of the cabin are obtained after 

calculating for 15 minutes. By solving the momentum and energy equations, the heat 

flow characteristics of the whole cabin including pressure and turbulent property of air 

are shown through the following graphics and plots. 

5.3.1 Heat flow characteristics of whole cabin 

The heat flow characteristics of the whole vehicle cabin including the wind outlets of 

this modified personal air conditioning system are given clearly in the following 

pictures from Fig.5-2 to Fig.5-5.  

The Fig.5-2 shows the thermal characteristic of whole cabin. It can be easy to see that 

the pressure of cabin has no obvious change except the area of wind outlets. But the 

temperature of whole cabin has changed dramatically in the 15 minutes of test. The 

most place of cabin can keep the temperature to stay at 24 ℃ (297K), which means that 

the temperature of cabin has dropped by 5 ℃ from 29 ℃ (302K) of the beginning of 

test in 15 minutes. More, the lowest temperature of cabin can reach to 22 ℃ (295K), 

which is located close to wind outlets. Obviously, the temperature of whole cabin has 

been cooled by this modified air conditioning system compared with the previous 

experiments due to the existing of front four wind outlets. These wind outlets can work 

well to bring much cooling and put in motion the heat exchange among the vehicle 

cabin under the assist of wind outlets in chairs. In addition, the total heat surface flux 
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and surface heat transfer coefficient also show similar characteristics with the 

temperature. 

The Fig.5-3 displays the turbulent characteristics of whole cabin. It can be easy to see 

that the space close to wind outlets has stronger turbulent intensity and turbulent 

dissipation rate than other region of cabin. These factors can drive the air flow to move 

rapidly and conduct the heat transfer from high to low, which is the reason why the 

temperature of cabin can drop much more than previous one. 
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(a)                                                                           (b) 

 

 

(c)                                                                          (d) 
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                                 (e)                                                                         (f) 

 

 

                                  (g)                                                                        (h) 

Fig.5-2 (a)(b) Pressure (Pa) view of whole cabin; (c)(d) Temperature (K) view of whole 

cabin; (e)(f) Total heat surface flux (W/m2) of whole cabin; (g)(h) Surface heat transfer 

coefficient (W/m2-K) of whole cabin 
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                                   (a)                                                                      (b) 

 

 

                                     (c)                                                                     (d) 

 

 



Analysis and Proposals for Advance of Automobile Air Conditioning System from Perspective of Energy Saving and Thermal Comfort 

 

138  
 

 

                                 (e)                                                                          (f) 

 

 

                                    (g)                                                                   (h) 

Fig.5-3 (a)(b) Turbulent intensity (%) of whole cabin; (c)(d) Turbulent dissipation rate 

(m2/s3) of whole cabin ; (e)(f) Wall shell stress (Pa) of whole cabin; (g)(h) Skin friction 

coefficient of whole cabin 
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5.3.2 Heat flow calculation 

The total heat of cabin obtained from environment of outside can be calculated by 

using the heat flow rate to multiply by the simulation time when this modified personal 

air conditioning is working. According to the heat flow reports of simulation results, the 

total heat transfer rate at each wall surface between ambient and vehicle cabin can be 

seen in the Table 5-3. Through the calculation, the whole cabin has got heat 97.8 W 

after 15 minutes, which is much smaller than last chapter. When temperature of cabin is 

adjusted to the normal room temperature, the energy consumption of air conditioning 

would be calculated according to this basic data.  

From this table, it can be easy to see that the heat transfer rate almost has no obvious 

change during the simulation time. The minus value of total energy shows the heat 

transfer from cabin to ambient by air conditioning. It is obvious to see that there is much 

more heat moving out from cabin through the surface of outlet3 than other surface 

because there outlet has bigger size and higher wind velocity than other two. 

The mass flow rate is given in the Table 3. According to the boundary setting, the 

mass flow rate keeps in a stable condition. Therefore, these values almost remain as the 

set temperature without any variation in the simulation time of 15 minutes. 
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Table 5-3 Total heat transfer rate at different direction (W) 

Time 

Wall surface  
5 minutes 10 minutes 15 minutes 

Back 31.27 31.98 32.84 

Bottom 19.02 21.05 20.28 

Chair1 161.79 160.60 161.31 

Chair2 61.74 62.15 61.04 

Front 63.53 63.27 63.12 

Left 77.52 76.57 76.87 

Outlet1 -78.47 -78.47 -78.47 

Outlet2 -78.47 -78.47 -78.47 

Outlet3 -466.48 -466.48 -466.48 

Right 78.27 78.10 77.72 

Roof 136.18 136.45 136.75 

Net 5.89 6.76 6.52 
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Table 5-4 Mass flow rate at different direction (kg/s) 

Wall surface Mass flow rate 

Back 0 

Bottom 0 

Chair1 0 

Chair2 0 

Front 0 

Left 0 

Outlet1 0.025 

Outlet2 0.025 

Outlet3 0.15 

Right 0 

Roof 0 

Net 0.20 
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5.3.3 Energy consumption calculation 

The energy consumption of this modified air conditioning system can be evaluated by 

the experiment results of last chapter. In this chapter, the simulation defines 6 personal 

air conditioning systems in the vehicle cabin. Therefore, according to the electric power 

consumption of 84.7 W for one system, the overall energy consumption for a car can be 

calculated and it only takes 508.2 W after 15 minutes of working time. 

Compared with the traditional one, this modified air conditioning system has obvious 

improvement in the term of saving energy. However, this simulation has been just 

carried on in 15 minutes so that the value is not accurate enough to predict the energy 

consumption in longer time.   
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5.4 Conclusion 

Based on the old system, a new modified personal air conditioning system was 

proposed and demonstrated by numerical simulation in this chapter. The new system 

added four more wind outlets in the front of vehicle. These four outlets have bigger size 

than the original vents on the chairs so that they can provide cooling wind for all the 

passengers. Based on the simplified 3-D vehicle model, a numerical study was carried 

on to analyze the air flow and heat transfer characteristics of cabin under the cooling 

action of this new type system during 15 minutes. Also, the energy consumption of this 

system was evaluated according to the previous experimental data. The following 

results are obtained: 

(a). The simulation results show that the front wind outlets can work well to bring much 

cooling and put in motion the heat exchange among the cabin under the assist of wind 

outlets in chairs. 

(b). Under the condition of low energy-consumption, the temperature of cabin can be 

dropped by about 5 ℃ and it just consumed electronic power about 508.2 W for the 

whole vehicle in 15 minutes.  

(c). The results of numerical calculation are consistent with the anticipation of before 

and it indicates that this new personal air conditioning system can be used well in the 

future electric vehicle.  
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Chapter 6   
Conclusions and Further Work 

6.1 Conclusions 

This thesis has presented a new personal air conditioning system applied to the 

automobile instead of the traditional air conditioning to resolve the high energy 

consumption problem. This new system has used the Peltier module and fan motor as a 

temperature regulation device which is installed under the chair to provide thermal 

comfort for each passenger individually. Based on this new air conditioning system, 
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using the representative car of Honda Company as the model, the thermal properties of 

vehicle cabin have been analyzed and energy consumption has been calculated through 

the ways of experiment and numerical simulation, the following conclusions can be 

obtained: 

1. The temperature of the sealed cabin tends to increase and becomes high along with 

time when parking under the sunshine. But the inner temperature has little difference. 

The highest value is concentrated at the front side close to the windshield and the region 

of front row has higher temperature than back row after 15 minutes. The air is 

essentially stagnant with low velocity and the central compartment has much lower air 

velocity than other regions of the cabin. 

2. Under the save energy model, the traditional air conditioning system can make the 

cabin temperature turn to stable after 5 minutes and the oil consumed by air 

conditioning can help car to drive more 2 km in one hour. But the temperature gradient 

is terrible and the rear row has higher temperature than front row. Therefore, it cannot 

make all the passengers feel comfortable in the vehicle.  

3. The personal air conditioning system has been validated that it can be used in the 

electric vehicle instead of the traditional one. This system can make passengers feel 

comfortable after 4 minutes and the cabin temperature turns to stable after 5 minutes. 

All apparatuses can just only consume electric power 338.8 W. However, this system 

cannot make all the body feel comfortable. Except the area of chairs, the temperature of 

entire cabin has almost no change during 15 minutes. It indicates that this personal air 

conditioning system cannot be just only installed in the chair because it cannot provide 

enough cooling wind to cut down the heat flow from ambient. 
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4. The modified personal air conditioning system has been validated that it can 

refrigerate the most area of cabin not only local action. The front wind outlets can work 

well to bring much cooling and put in motion the heat exchange among the cabin under 

the assist of wind outlets in chairs. Under the condition of low energy-consumption, the 

temperature of cabin can be dropped by about 5 ℃ and it just consumed electronic 

power about 508.2 W for the whole vehicle in 15 minutes. The results of numerical 

calculation are consistent with the anticipation of before and it indicates that this new 

personal air conditioning system can be used well in the future electric vehicle. 
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6.2 Further Work 

There are plenty of works worth a further consideration including the calculating of 

cooling load at each part of cabin, experimental validation using real car and engine 

exhaust heat recovery.  

6.2.1 Cooling load calculation of cabin 

Cooling load calculation at each part of cabin plays an important role in the design of 

air conditioning system, which can help to control the cooling quantity to make 

passengers feel more comfort. The cooling load calculation includes the heat transfer 

through the non-transparent car shell, glass window, engine room, passengers 

themselves and inner car facilities.  

Non-transparent car shell includes car side, car roof and floor. The solar first reaches 

at the shell and is easy to be absorbed by them. Therefore, the material characteristic of 

shell and equipment of the cabin are important for thermal calculation. Glass windows 

have poor heat storage performance and the heat gain can be easy to be obtained 

directly from the temperature difference between cabin and outside. The engine of 

driving car will emit out plenty of heat, which can conduct the temperature difference 

up to 30 ℃  between engine room and cabin.  This temperature difference can be 

calculated by the steady-state heat transfer formula of multi-wall. The heat caused by 

passenger has related with the sex, ages, dress, labor intensity and environmental 

conditions (temperature and humidity) and some other factors. Different people have 
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different heat dissipation. But it can be simplified by considering the ratio of various 

types of passengers. The heat gain from interior lighting and devices stays a stabilized 

situation and it can be set as a constant value, which is easy to be calculated [1-3].  

6.2.2 Experimental validation 

In this thesis, the modified air conditioning system was proposed and analyzed by 

numerical simulation. However, for practical application, the experimental validation is 

necessary. 

The experiment can be done by using a real vehicle with this modified personal air 

condition system like chapter 2 to chapter 4. Under the same condition with simulation, 

the variation of temperature during 15 minutes is tested at different location of cabin to 

make a comparison with simulation results. Also, the energy consumption is measured 

to make a comparison with traditional air conditioning system. 

6.2.3 Engine exhaust heat recovery 

When car driving the engine will emit out a lot of heat, which can be recycle to 

conduct the air conditioning system.  

The exhaust heat from engine is a terrible problem, which can make the cabin 

temperature rise up to 60 ℃. If it can be recycle for the vehicle the problem could be 

resolved. Also, the modified air conditioning system just need lower electronic power to 

work, which means the low energy of exhaust heat from engine is enough to drive it. 
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Combined the exhaust heat recovery, this air conditioning system will not need any 

other power to work, which will be a great improvement for automobile [4]. 
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